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The [2 + 2] photocycloaddition reaction of benzene and ethylene was investigated by semiclassical dynamics simulation and
complete active space self-consistent field (CASSCF) ab initio calculations. Following laser excitation of the benzene molecule,
two mechanisms were observed depending on the location of the second C of ethylene in relation to the hexagonal prism space
defined by the first C and the plane of the benzene ring. Synchronous formation of two bonds was observed when the second C is
outside the prism space; an asynchronous mechanism is observed otherwise. Charge transfer was observed only in the asynchronous
mechanism; CASSCF calculations suggest that the asynchronous mechanism involves a barrierless path from the Frank-Condon
point to a conical intersection, while the synchronous mechanism involves 0.8 eV barrier. These results are consistent with a higher

quantum yield observed in the simulations for the asynchronous pathway.

1. Introduction

A photocycloaddition reaction is a light-induced reaction
that forms a new molecule from two unsaturated molecules
via two atoms from each molecule. These reactions are “atom-
economical” and “step-economical”; all the atoms in the reac-
tants appear in the products and complexity can be achieved
in a single step [1, 2]. With unprecedented possibilities to
efficiently create various new molecules, photocycloadditions
are widely applied in organic synthesis. A photocycloaddition
reaction between benzene (or its derivatives) and an alkene
can be classified into three types: [2 + 2] (or ortho), [3 + 2] (or
meta), and [4 + 2] (or para). Photocycloadditions of benzene
and an alkene are usually induced by the photoexcitation
of the benzene molecule. If the S, state of benzene is
involved, only the meta-addition mode is allowed to occur
in a concerted fashion (i.e., synchronous formation of two
single bonds) according to molecular orbital symmetry rules
[3, 4]. The formation of ortho- and para-cycloadducts can be
interpreted as being due to charge transfer, a nonconcerted
mechanism, or the involvement of the S, excited state.

Robbs group has conducted theoretical studies of the
photocycloaddition of benzene and ethylene system using
CASSCEF calculation and MM VB simulation [5]. They found
that such reactions could occur from S, state barrierless
through a conical intersection (CI), which is shared by
all three photocycloaddition products. This low energy CI
follows the formation of one C-C bond between benzene and
ethylene. Subsequent studies [6] suggest that the chemical
selectivity is, in part, controlled by this extended conical
intersection seam and that the shape of the conical intersec-
tion seam can be understood in terms of simple VB argu-
ments. Further, the shape and energetics of the asynchronous
segment of the conical intersection seam suggest that the 1,2
(ortho) and 1,3 (meta) products are equally preferred. The 1,4
(para) point on the conical intersection is higher in energy
and corresponds to a local maximum on the seam.

In this paper, we describe the results of semiclassical
dynamics simulations of photoinduced [2 + 2] cycloaddi-
tion of benzene and ethylene. Specifically, we investigated
the effect of the stacking orientation at the moment of
laser excitation of the benzene molecule on the subsequent
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FIGURE 1: (a) The equilibrated Geometry I and (b) equilibrated Geometry II of the benzene plus ethylene molecule with atomic labeling.
Shadows herein indicate hypothetical hexagonal prism space of upward projection of benzene molecule.

dynamics. Previous studies on stacked DNA base molecules
have shown that the initial orientation of reactant molecules
affects the excited state dynamics [7-10]. Our simulations
provide detailed dynamics features from photon excitation
to the formation of product. The results are interpreted in
terms of the geometry of conical intersection (CI) between
the first singlet (S,) excited state and ground state (S;), which
was optimized by using CASSCF method.

2. Methodology

2.1. Semiclassical Dynamics Simulation. We carried out the
dynamics simulations using the semiclassical electron-radi-
ation-ion dynamics (SERID) method. A detailed description
of this technique has been published elsewhere [11, 12] and
only a brief review is given here. In this approach, the valence
electrons are calculated by the time-dependent Schrodinger
equation while both the radiation field and the motion
of the nuclei are treated by the classical approximation.
The one-electron states are updated by solving the time-
dependent Schrodinger equation at each time step (typically
0.05 femtoseconds in duration) on a nonorthogonal basis
using a unitary algorithm obtained from the equation for the
time evolution operator [13]. The laser pulse is characterized
by the vector potential A, which is coupled to the Hamil-
tonian via the time-dependent Peierls substitution [14]. The
Hamiltonian matrix elements, overlap matrix elements, and
repulsive energy are calculated with the density-functional
based tight bonding (DFTB) method [15, 16]. The DFTB
method does have essentially the same strengths and lim-
itations as time-dependent density-functional theory (TD-
DFT). In particular, 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 affect the interpretation
of the results. In this technique, forces acting on nucleus
or ions are computed by the Ehrenfest equation, which
is obtained by neglecting the terms of second and higher
order in the quantum fluctuations in the exact Ehrenfest
theorem. The nuclear motion is numerically integrated with
the velocity Verlet algorithm (which preserves phase space).
A time step of 50 attoseconds was used based on the test of
energy conservation.

The SERID method has been used in biologically relevant
studies such as photoinduced dimerization of thymine [9]
and cytosine [10] via [2 + 2] photocycloaddition reaction.
All the results were found to be consistent with experimen-
tal observations. The formation of cyclobutane pyrimidine
dimer may provide good references for [2 + 2] photocycload-
dition of benzene and ethylene.

2.2. CASSCF. Multiconfigurational self-consistent field
(MCSCEF) is a method in quantum chemistry used to gener-
ate 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 quasi-degenerate 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 coefficients 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
considered a combination of configuration interaction
(where the molecular orbitals are not varied but the
expansion of the wave function) and Hartree-Fock (where
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FIGURE 2: Snapshots taken from the simulation of synchronous cycloaddition mode of stacked benzene and ethylene molecules at (a) 0, (b)
700, (c) 711, and (d) 721 fs. The benzene molecule is subjected to the irradiation of a 25 fs (fwhm) laser pulse with a fluence of 96.93 J-m™* and

photon energy of 4.7 eV.

there is only one determinant but the molecular orbitals are
varied). A particularly important MCSCF approach is the
CASSCF method, where the linear combination of CSFs
includes all that arises from a particular number of electrons
in a particular number of orbitals [17, 18].

In this research, the CASSCF computations used an 8-
electron and 8-orbital active space involving all the 7 orbitals
of benzene and ethylene moieties. All the geometries were
optimized using the 6-31G(d) basis set in Gaussian 09 [19].

3. Results and Discussion

To obtain a ground state initial configuration, the simulation
was run at room temperature for 1000 fs starting with a
randomly stacked geometry of benzene and ethylene. During
this equilibration period, one hundred geometries were taken
at equal time intervals; each geometry was subjected to a laser
pulse. Figure 1 shows two representative geometries, at the
moment of excitation, that lead to two different mechanisms.

In Figure 1(a), the ethylene molecule was placed in such a
way that C;-C, = 3.49 A, C,-Cg = 3.61 A, and dihedral angle
C4-C,-C,-C, = 38.2° (Geometry I); the carbon atoms in
the ethylene molecule are numbered C, and Cg. The Cg
atom sticks out of the hexagonal prism defined by a vertical
projection of benzene molecule (as indicated by the two
shadows) through C,. In Figure 1(b), benzene and ethylene
molecule are oriented as follows: C,-C, = 3.22 A, C,-C; =
3.42 A, and dihedral angle C4-C,-C,-C, = -23.6° (Geometry
II). The negative dihedral angle suggests that the Cg atom
of ethylene molecule is in the hypothetical hexagonal prism
space.

A 25fs FWHM laser pulse with a Gaussian profile,
with photon energy of 4.7 eV, was applied to this complex.
A fluence between 0.07 and 0.15k]-m > was chosen for
this study. Within this range, effective electronic excitation
occurs, but the forces produced do not break any bonds.
The 100 trajectories show that Geometry I would lead to
synchronous addition and asynchronous mode frequently
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FIGURE 3: Snapshots taken from the simulation of asynchronous cycloaddition mode of stacked benzene and ethylene molecules at (a) 0, (b)
600, (c) 655, (d) 925, (e) 1615, and (f) 1715 fs. The benzene molecule is subjected to the irradiation of a 25 fs (fwhm) laser pulse with a fluence

of 94.11 J-m"* and photon energy of 4.7 eV.

results from Geometry II. Here a typical trajectory for each
case is reported in this paper.

Some snapshots of the synchronous and asynchronous
[2 + 2] photocycloaddition reaction are presented in Figures 2
and 3, respectively. Figure 2(a) shows the equilibrium geome-
tries of benzene and ethylene molecules in the electronic
ground state at the moment of excitation. After application of
the laser pulse, the benzene molecule is electronically excited
and distorted, but the ethylene molecule retains its ground
state geometry (Figure 2(b)). Excitation energy is transferred
from benzene to ethylene; the two molecules approach each
other due and are linked by the synchronous formation of
the C,-C, and C,-Cg bonds at 730fs (Figure 2(c)), and
ultimately form the cyclobutane type product (Figure 2(d)).
The structure of cyclobutane dimer remains stable through
the end of the simulation. In Figure 3, the C,-C, bond
is formed first (Figure 3(c)) to yield a so-called bonded
intermediate (Figures 3(c)-3(e)). The C,-Cq bond is later
formed to yield the [2 + 2] product (Figure 3(f)).

The HOMO and LUMO are 7 and 7" orbitals, respec-
tively, and they are initially localized in benzene molecule
as illustrated in Figure 4. The variations with time of the
HOMO -1, HOMO, LUMO and LUMO + 1 energies, and the
time-dependent population of these molecular orbitals for
the synchronous path are presented in Figure 5. Figure 5(a)

shows that the LUMO energy decreases from —2.0 to —2.8 eV
and the HOMO energy increases from —72 to —7.0 eV after
laser excitation and remains more or less constant until
650 fs. At that point, the HOMO and LUMO energy gap
narrows sharply to just 0.03 eV at 715 fs; this near-degeneracy
suggests an avoided crossing. Thereafter, the gap widens into
an average of about 2.6 eV, suggesting the formation of the
[2 + 2] product. Figure 5(b) shows that by the end of the
laser pulse (which is 50 fs) about 1 electron is excited from
the HOMO mainly to the LUMO. This excitation promotes
the benzene molecule from the electronic ground state to a
low-lying state 7zr*. The coupling between the HOMO and
LUMO at about 715 fs leads to a transfer of electrons from
the LUMO to the HOMO. This deexcitation eventually brings
the molecule from the low-lying 7™ state to the electronic
ground state. Shortly, after the avoided crossing, both the
LUMO and HOMO levels move back toward their initial
values.

Figure 5(c) shows that, in the asynchronous path, two
nearly degenerate points are found at 655 and 920fs,
respectively. Figures 5(a) and 5(c) are nearly identical
before 655fs and towards the end of the simulation (after
1600 fs). These suggest the same product formed, but
different intermediates are involved in the asynchronous
path.
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FIGURE 4: The diagrams for the HOMO and LUMO of benzene and ethylene molecules at the equilibrated structure computed by the DFTB

approximation.

The variations with time of the lengths of the C,-C,
and C,-C4 bonds and C,-C,; and C,-C;g distances of both
cases are presented in Figure 6. The C,-C, bond is part of
a conjugated system and has a bond length of 1.40 A at the
beginning of the simulation; its elongation to about 1.5 A after
the laser pulse was applied suggests conversion to a single
bond. Meanwhile, the C,-Cg bond length remains essentially
constant, suggesting that the ethylene molecule remains in
the ground state; only the benzene molecule is affected by
the laser pulse. The approach of the excited benzene molecule
causes changes in the ethylene as shown by increase in the
C,-Cg bond length after 650 fs. Both of the C,-Cg and C,-
C, bond lengths increase to 1.5 A after 720 fs, consistent with
the formation of the cyclobutane dimer. The C,-C; and C,-
C, distances are initially 3.5 and 3.6 A, respectively. They are
more or less constant up to 100 fs, slowly decrease until 600 fs,
and then sharply shorten to less than 1.6 A at about 700 fs
and 750 fs, respectively. These abrupt changes suggest that the
formation of cyclobutane ring involves barrierless pathway.
The formation of C,-C, bond and C,-Cg bond is about 50 fs
apart in the simulation and would be difficult to distinguish
experimentally. Thus, the formation of the two bonds may be
regarded as a synchronous process.

Figure 7 shows the changes in the C;-C,-C¢-C; and
C,-C,-C,-Cq dihedral angles with time. The former rep-
resents the out-of-plane vibration of benzene ring at C,
position and the latter corresponds to an overlap of benzene
and ethylene moieties. The C;-C,-C(-C, dihedral angle

changes indistinctively in synchronous addition mode, even
at decay time. This indicates that deformation of C, atom
has a minimal role in the synchronous mechanism. On the
other hand, in the asynchronous addition mode, one can
observe a pyramidal geometry at the C, site of benzene ring
while the other five carbon atoms are almost planar, which
resembles the configuration of S,/S; conical intersection
of benzene [20] at avoided crossing. It suggests that the
out-of-plane vibration of the C, atom plays a significant
role in nonadiabatic coupling. In synchronous addition
mode, the C,-C,-C,-Cq dihedral angle is always positive,
which implies that Cg atom is outside the hexagonal prism
space defined by the vertical projection of the benzene
ring through C,, which leads to poor overlap between
benzene and ethylene. However, in asynchronous addition
mode, this angle has negative value throughout simulation.
It suggests Cg atom is included in the virtual projection
space.

The charge transfers for both cases are presented in
Figure 8. During the simulation, no significant charge trans-
fer is observed in the synchronous path. However, the ben-
zene moiety loses about 0.7 electrons at 920 fs, and reversal
occurs at 1600 fs in asynchronous mode. This charge transfer
at 920 fs indicates that charge transfer plays an important role
in the nonadiabatic coupling, which leads to a radiationless
transition in asynchronous [2 + 2] photocycloaddition. Fur-
thermore, the charge transfer only occurred after electronic
decay, suggesting a zwitterionic intermediate in ground state.
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FIGURE 5: The variations with time of (a) the HOMO and LUMO energies; (b) the time-dependent population of stacked benzene and ethylene
system in synchronous mode, which is subjected to a laser with frequency of 4.7 eV and fluency of 96.93 J-m™%; (c) and (d) are the HOMO
and LUMO energies and the time-dependent population in asynchronous mode, which is subjected to a laser with frequency of 4.7 eV and

fluence of 94.11J-m 2.

Comparison of HOMO and LUMO energy gap with
distance between C, and Cg atoms in asynchronous mode
is displayed in Figure 9. It is very clear that the energy gap
goes through four stages. In stage 1 (50-650 fs), there is little
interaction between two moieties because of the relatively
large distance, as seen in Figure 6(d). In stage 2 (650-920 fs),
C, and C, linking at 655 fs leads to strong coupling of HOMO
and LUMO and the gap sharply narrows to approximately
zero. At this timescale, the minimum C,-Cg distance reaches
2.2 A. In consideration of charge transfer not being observed,
stage 2 may be defined as “biradical stage” In stage 3 (920-
1600 fs), the energy gap increases to about 1eV. It indicates
that a new intermediate is formed. Indeed, stage 3 is in accord
with charge transfer shown in Figure 8. The average of C,-Cg
distance achieves 3.2 A and the minimum is 2.1 A during this
range. Stage 3 is defined as zwitterionic. In stage 4 (>1600 fs),
the electrons transfer back to benzene, and C,-Cg bond
forms.

In consideration of shortcomings of SERID model, it
is also valuable to investigate S,/S; conical intersection in
photocycloaddition reaction by using multiconfigurational
self-consistent field method. The CASSCF ab initio compu-
tations used an 8-electron, 8-orbital active space involving
all the morbitals of the benzene and ethylene moieties. It
is difficult to optimize CI structure for a system of two
interacting molecules because of the difficulty of making a
good initial guess. To increase calculation efficiency, we used
the geometry at decay time in simulation trajectory as the
initial guess for CI optimization. All the CI geometries were
optimized using the 6-31G(d) basis set. However, the equili-
brated ground state structure of benzene plus ethylene from
the simulation was used without any optimization. CASSCF
results show that the two conical intersections corresponding
to the synchronous and asynchronous mechanisms explic-
itly exist on the 6-31G(d) potential surface. Their energies
(relative to benzene + ethylene in ground state) and some
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TaBLE 1: Energies and geometries of both synchronous and synchronous [2 + 2] photocycloaddition reactions.

Structure Energy/eV C,-C,/A C,-Cy/A C,-C,-C,-Cy/*
So (syn) 0 3.49 3.61 382

S, (asyn) 0.07 3.22 3.42 -23.6

FC (syn) 4.98 — — —

FC (asyn) 4.99 — — —

CI (syn) 5.76 2.10 2.06 15.2

CI (asyn) 4.77 1.56 2.66 -38.8

significant geometrical parameters are presented in Table 1.
The geometries of CIs, which are very similar to references
[5, 6], are displayed in Figure 10.

Although Robbs group had calculated this system by
using CASSCE, the overlaps of ethylene moiety and ben-
zene ring in synchronous and asynchronous mode were

neglected. Obviously, the Cl,,) with a positive C,-C,-C;-
Cg dihedral of 15.2° indicates an ineffective overlap between
two moieties, compared to the initial simulated geometry
(Figure 1(a)). In contrast, the Cligyn) has better stacking,

with a negative C,-C,-C,-Cg dihedral angle with value of
-38.8".
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The lower energy CI structure belongs to the asyn-
chronous mode; the formation of the C,-C, bond occurs
without barrier to yield a low energy conical intersection.
Given that benzene could form isomers such as benzvalene
and fulvene via an S,/S; conical intersection, the barrier
for ethene + benzene cycloaddition must be very small
to compete effectively with isomer formation. However, in
synchronous mode, the CI energy is even higher than the
vertical excitation energy at CASSCF (8,8)/6-31G(d) level.
This means that the synchronous photocycloaddition for
benzene and ethylene system in S, excited state is less
accessible.

+ 72 Bonded intermediate

FIGURE 9: Comparison of HOMO and LUMO energy gap and C,-C;
distance for asynchronous mode.

4. Conclusion

In this paper, we report a semiclassical dynamics simulation
study of [2 + 2] cycloaddition reaction of benzene and
ethylene induced by ultrashort laser pulses applied to the
benzene molecule. When the ethylene molecule is within the
vertical projection of benzene shape, excitation leads toa C, -
C, bonded intermediate, which evolves to an electroneutral
biradical and then to a zwitterionic intermediate at an avoided
crossing. Eventually, the electron transfer is reversed as the
cycloadduct is formed. Otherwise, a synchronous addition
mechanism is observed. In the synchronous mode, the C,-
C, and C,-Cg4 form chemical bond simultaneously and no
charge transfer is observed.



International Journal of Photoenergy

\ \
\ \

\
2.10

\

\ 2.06
\

O W \ J

8(Cg-C,-C,-C;) = 15.2°
(a)

8(C4-Cy-C,-C,) = —38.8°
(b)

FIGURE 10: Optimized geometries of S,/S, conical intersection of (a) synchronous and (c) asynchronous mode at CASSCF (8,8)/6-31G(d)

level. (b) and (d) are top view of (a) and (c), respectively.

Multiple trajectories simulations show that stacking effect
plays an important role in [2 + 2] photocycloaddition reaction
of benzene and ethylene molecule. Efficient stacked initial
geometry will lead to asynchronous cycloaddition and ineffi-
cient stacked initial structure will result in synchronous pho-
toreaction. Statistical results indicate that the quantum yield
is higher for the asynchronous mechanism. The CASSCF
calculations present that the evolution path from FC to CI is
barrierless for asynchronous mode while it has to overcome
0.8 €V barrier in synchronous addition reaction. It suggests
asynchronous pathway is a favored predominant pathway for
[2 + 2] photocycloaddition reaction between benzene and
ethylene, in accord with simulation results.
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