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A realistic semiclassical dynamics simulation study is reported for the photoinduced ring-opening reaction of spiropyran. The
main simulation results show that one pathway involves hydrogen out-of-plane (HOOP) torsion of phenyl ring nearby N atom
in 254 fs on the excited state and the isomerization from cis- to trans-SP that is complete in about 10 ps on the ground state
after the electron transition 77o”; the other dominate pathway corresponds to the ring-opening reaction of trans-SP to form the
most stable merocyanine (MC) product. Unlike the previous theoretical finding, one C—C bond cleavage on the real molecule
rather than the C-N dissociation of the model one is more probable than the ring-opening reaction after the photoexcitation of
SP. The simulation findings provide more important complementarity for interpreting experimental observations, confirming the

previously theoretical studies of photochromic ring-opening process and even supplying other possible reaction mechanisms.

1. Introduction

Spiropyran (SP) is one of the very recent most studied
photochromic molecules, which are popular materials in
sunglasses, optical switching, optical data storage, nonlinear
optical devices, optical nanoparticles, photonic crystal, and
so on [1-21]. As is well known, the lowest electronic transition
of SP occurs in the near UV region (A < 400 nm). As shown
in Scheme 1, after photoexcitation the bond of Spiro-C and
O atom is gradually broken and this compound converts to
photoproducts called merocyanine MC. On the contrary, MC
can also switch back to the closed form SP by irradiation in
the visible region or heating.

The photochromic reactions of SP have been widely
studied by time resolved spectroscopy to find the complex
mechanism [22-28]. These experimental observations pre-
sume that the reaction would involve four steps. The first
step corresponds to the initial excitation from the ground
state to the excited state (!z77*), which very soon (about
50 fs) evolves along the state (*7r6*), this is the second step.
Subsequently, the drastic changes in structures taking place

on a time scale from subpico- to picosecond are the pyranic
cycle opening and the C;,,~O bond cleavage. On the final
step, a cis-cisoid open-form intermediate is firstly produced,
and then several other planar MC photoproducts are formed
by the geometrical transformation on pico- to nanosecond
scale. Since the substituents on the SP and experimental
conditions would be different, the formed products MCs and
reaction mechanism are accordingly various. For instance,
eight possible conformations for the MC would appear on
the reaction process and can be distinguished from each
other relative to three central bonds between C atoms (cis,
C, and trans, T) as shown in Scheme 1. The most stable MC
in solution is trans-trans-cis (T'TC) isomer. In addition, very
recent experiments show that the ring-opening reaction of
unsubstituted SP (1',3',3'-trimethylspiro [2H-1-benzopyran-
2,2'-indoline], also known as BIPS) [29] and double NO,-
substituted derivative (6,8-dinitro-BIPS) [8] involve only
singlet states, while a triple state makes a contribution to the
dynamic of NO,-substituted SP (6-nitro-BIPS) [23].

The mechanisms of photochromic reactions of SP have
also been studied by various high level quantum calculations
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ScHEME 1: The scheme of reversible reaction between SP and MC.

TABLE 1: Key geometry parameters for the ground states of cis- and trans-SP forms as well as the corresponding mode compounds (bond

distance in angstroms and dihedral angles in deg).

Species C,-O C,-N C,-C, C,-C, o B y T

mSPc? 1.428 1.465 1.540 1.515 -97.8 -1.0 -11.6 1771
mSPc® 1.445 1.452 1.544 1.502 -98.9 -3.6 -9.3 175.5
mSPc* 1.422 1.449 1.542 1.506 -101.6 -1.6 -9.5 176.4
cis-SP* 1.385 1.456 1.605 1.530 -101.7 -2.8 -8.9 174.2
mSPt* 1.413 1.442 1.570 1.536 -141.8 2.9 8.0 -175.3
mSPt® 1.448 1.447 1.551 1.502 -142.6 3.2 9.3 -177.2
mSPt* 1.424 1.443 1.548 1.507 -142.6 1.9 10.2 -177.8
trans-SP* 1.404 1.435 1.613 1.511 —-148.7 55 8.6 -180.1

*The present work; Pthe previous work refers to [30] with CAM-B3LYP/6-31G(d) optimization; “the previous work refers to [30] with CASSCF/6-31G(d)

optimization.

using the model molecule [30-41]. There are three differ-
ent pathways for the photochromic reaction proposed by
computations. The first and second kinds of paths are both
associated with the C;,,~O stretching and hydrogen-out-of-
plane (HOOP) torsion modes (the C atom is connected by
Spiro-C) of the excited SP [38-40]. The last pathway involves
the lengthening Cq;,,—N bond and the internal conversion
from the electronically excited states to the SP ground state
through Clg,; 5, (CN) [38-40].

In order to more directly interpret these mechanisms, the
semiclassical dynamics of the photochemical reaction have
been carried out by the real SP following the excitation using
several laser pulses, which is necessary for the photoinduced
chemical reaction [42, 43]. The molecular dynamic method
used in this work is called semiclassical electron-radiation-
ion dynamics (SERID), on which the time-dependent quan-
tum states are calculated for the valence electrons, while
the radiation field and the motion of the nuclei are treated
classically. The details of this method have been described
elsewhere [44, 45]. All degrees of freedom of real SP in the
dynamic simulations are included in the calculations and the
laser pulse is explicitly coupled to electrons. By monitoring
the nuclear motions triggered by a specific laser pulse, it is
possible to describe a realistic photochromic reaction path
and provide complementary information for the clarification
of the complex mechanisms of photochromic process of SP.

2. Results and Discussion

2.1. Optimized Ground-State Geometries. Two ground state
geometries of SP, cis- and trans-SP conformers, respectively,

are optimized within 5000 fs dynamic simulation. In order
to verify the geometry parameters, the mode compounds
mSPc for cis- and mSPt for trans-isomers (in which three
methyl groups are replaced by hydrogen) are also optimized.
Hereafter, the primary dihedral angles N-C, -C;-C¢, C,-C5-
Cs—Cy, C5-C4-Co-C,,, and H,;-C;5-C,-Cq (see Scheme 1)
are, respectively, labeled as «, f3, y, and 7 that are consistent
with the previous work [39, 40]. The key geometry parameters
for the ground state of cis- and trans-SP forms as well as the
corresponding mode compounds are displayed in Table 1. It is
clear that the molecular geometries for both mSPc and mSPt
obtained from the present simulations are in well agreement
with those from the previous DFT and CASSCF calculations.
It is evident that the optimization from the present dynamic
simulation could provide reasonable geometry parameters
for the real cis- and trans-SP conformers. It should be
mentioned that the remarkable lengthening of the C,-C,
bonds can be seen on the real cis- and trans-SP in comparison
with the previous model SP, where the C, atom is connected
by two methyl groups not two H atoms on model compounds
mSPc and mSPt. On the contrary, the C,-O bond (also
labeled as Cy;,,~O above) is evidently shortened. The reason
for the variations of these two bonds may arise from the
donator character of methyl group, so that the electrons can
be delocalized from C, to an acceptor O atom.

2.2. Internal Conversion Process to the Ground State from
Excited SP. In consistence with the experimental conditions
of 316 nm on the gas phase [24] and nearby 350 nm in water
[28], a laser pulse of 80 fs (FWHM) with an effective photon
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(e) 1658 fs

(f) 15000 fs

FIGURE I: Snapshots taken at different times in a simulation of cis-SP in response to excitation by a 80 fs (FWHM) laser pulse with a fluence
of 0.188 kJ/m* and photon energy of 4.054 eV, Atom C, H, N, and O are, respectively, denoted by dark grey, French grey, blue, and red; (a)~(f)

are at 0 fs, 86 fs, 254 fs, 402 fs, 1658 fs, and 15000 fs, respectively.

TABLE 2: Key geometry parameters for the dynamic simulation of internal conversion process of cis-SP (time in fs, bond distance in angstroms,

and dihedral angles in deg).

Time C,-O C,-N C,-C, C,-C, o B y T 0

0 1.385 1.456 1.605 1.530 -101.7 -2.8 -8.9 -185.8 -179.7
86 1.441 1.458 1.570 1.524 -99.8 -3.7 =91 -188.9 -183.0
254 1.342 1.432 1.741 1.498 -101.3 -5.0 -5.6 -186.8 -235.4
402 1.466 1.513 1.538 1.486 -98.1 0.6 -12.5 -179.3 —245.7
1658 1.411 1.455 1.664 1.539 -169.1 18.4 4.1 -156.8 —-158.7
15000 1.326 1.475 1.676 1.523 -164.1 25.7 -10.0 -134.1 -199.7

energy of 4.054eV (corresponding to 305.8 nm light) was
applied to generate an excitation of cis-SP, in which the
primary vibrations, particularly the C,-C, stretching, are
impressively activated. The photon energy selected corre-
sponds to the energy difference between the HOMO-1 and
LUMO+1 for the beginning ground-state geometry of the
molecule in the present approximation. The simulations were
run for various fluences and only one typical trajectory
will be examined for a fluence of 0.188 kJ/m? that creates

the desired vibration modes so that the radiationless deac-
tivation of excited SP occurs.

Six snapshots from the simulation at different times
and the critical geometry parameters of them are shown in
Figure 1 and Table 2, respectively. Starting from the equilib-
rium geometry in the electronic ground state at 0 fs, the cis-
SP conformer is electronically excited by the laser pulse. The
most impressive features of the nuclear motions of the excited
molecule are the evident C,-C, bond stretching, twist of «,



and HOOP torsion of the phenyl ring connected with N atom
presented by the dihedral angle H,,-C,,-C3-C,, (labeled as
0).

The variations of dihedral angles «, f3, y, T with time
are, respectively, plotted in Figure 2(a), the detailed changes
about «, 7, 0 in the very beginning of this simulation are also
displayed in Figure 2(b) for illustration. It can be viewed that
dihedral angle « twists largely from —101.7° at 0 fs to about
-160.0° at about 10 ps, while both 8 and y oscillate slightly
about their initial value of 0°. This means that the initial cis-
SP can be transformed into trans-SP in 10 ps, since it can been
seen in Table1 that the dihedral angle « of stable cis- and
trans-SP is —97.8” and —148.7°, while 3 and y are approximate
to 0.0°. After that these angles mainly keep the values until
the end of this simulation. It should be emphasized that the
molecular vibration is started from the HOOP torsion of
phenyl ring, corresponding to the change of dihedral angle
0. It is obvious in Figure 2(b) that this angle oscillates and
decreases from —179.7° at 0 fs to —254.5" at 282 fs; after that
the average value of —180.0° for 6 is kept to the end and the
variations of « and 7 are initiate as shown in Figure 2(b) and
Table 2. Similar to dihedral angle «, the large torsion of 7 is
weakened at about 10 ps and then the motion maintains an
average value about —160.0°. The bond stretches with time are
not notable expert for the variation of C,-C, bond. As shown
in Figure 2(c), this bond is lengthened after about 210 fs and
then its value increases to 1.771 A at 248 fs. Subsequently, this
bond oscillates largely and has a large value of more than
1.800 A around 4000 fs. After 10 ps, its length approximately
decreases to the average value 1.630 A and keeps this value to
the end.

The populations and energies of four interesting fron-
tier molecular orbitals with time, including the HOMO-1,
HOMO, LUMO, and LUMO+1, are shown in Figures 3(a) and
3(b), respectively. There are also a small fraction of electrons
in the higher-lying unoccupied orbitals and a small fraction
of holes in the lower-lying occupied orbitals. However, they
do not play a notable role in the dynamical process discussed
below. The variations of the electronic populations in differ-
ent molecular orbitals induce the changes in the forces on the
nuclei, driving them into motion. Many vibration modes of
the molecule, including the dihedral motions, bond bending
vibrations, and bond stretch vibrations, are excited. These
excitations in turn change the gaps between the different
molecular orbitals.

By the analysis of molecular orbital coefficients, the
electronic transitions HOMO-1-LUMO, HOMO-1—
LUMO+1, HOMO—-LUMO, and HOMO—-LUMO+1 of
the stable cis-SP can, respectively, be denoted as r[H_lrrz,
Tp_17y 4y Mgy, and ngmp,, at Ofs. With the photon
excitation, the electronic transitions vary with time. Before
86fs, it can be seen in Figure 3(a) that main electronic
transition is from HOMO-1 to LUMO+1, corresponding
to my_y7m;,,. At 86fs, it is distinct in Figure 4(b) that
the HOMO and HOMO-1 are degenerate and then the
significant electronic transfer changes from HOMO-1—
LUMO (7ry_,77) to HOMO —LUMO (77 ). The dominate
transition of myo; is at 254fs, corresponding to the
degeneracy of HOMO and LUMO. The main nuclear
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FIGURE 2: Changes in (a) the dihedral angles «, 8, y, and T;
(b) a, 7, and 6; (c) C,-C, and C,-C4 bond lengthens of cis-SP
subjected excitation by a 80 fs (FWHM) laser pulse with a fluence
of 0.188 kJ/m* and photon energy of 4.054 eV.
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TABLE 3: Key geometry parameters for the dynamic simulation of photochromic ring-opening reaction of trans-SP (time in fs, bond distance

in angstroms, and dihedral angles in deg) [41].

Time C,-0 C,-N C,-C, C-C, o B y T 0
0 1.404 1.435 1.613 1.511 -148.7 55 8.6 179.9 181.8
244 1.465 1.432 1.620 1.519 -154.4 1.0 20.1 163.0 244.1
422 1.571 1.430 1.618 1.556 -181.1 45.8 -1.0 134.0 142.7
616 3.618 1.350 1.607 1.504 -87.4 -10.8 58.6 203.7 150.8
4848 3.945 1.380 1.530 1.444 -201.6 -179.6 =377 190.2 190.8
15000 4.400 1.371 1.527 1.450 -160.3 -182.8 39.7 1751 189.7
the excited electrons radiationless decay back to the
ground state and no remarkable electron transfer between
- occupied and unoccupied orbitals exists until the end of this
3 simulation. Accordingly, the obtained kinetic energies result
E in the large variations of dihedral angles «, and bond C,-C,

§« as mentioned above.

E With these simulation results, it is easy to study the
3 mechanism of internal conversion process from excited SP
= to the ground state. In fact, this process corresponds to
the photoisomerization from cis-SP to trans-SP. This is an
0.0 . . . . ultrafast process with excited state lifetime only 254 fs. The
0 200 400 600 800 1000 main nuclear motions on the excited states are the HOOP
Time (fs) torsion leading to the deformation of phenyl group nearby N
— HOMO-1 _ oMo atom, While the isomerization takes place after the electrQn
— HOMO — HOMO+1 transition from S, to S, and go along the latter potential

Energy (eV)

0 200 400 600 800 1000
Time (fs)

—— HOMO-1 —— LUMO

—— HOMO —— HOMO+1
(b)

FIGURE 3: Variations with time of (a) the electronic populations and
(b) energies of the HOMO-1, HOMO, LUMO, and LUMO+1 orbitals
of cis-SP following application of a 80 fs (FWHM) laser pulse with a
fluence of 0.188 kJ/m* and photon energy of 4.054 eV.

motion before 254fs can be found to be the HOOP
torsion of phenyl group nearby N atom as described in
Figure 2(b). This torsion is similar to those on one pathway
of radiationless deactivation reaction of 9H-adenine as
reported by Lei et al. [46], where there is an out-of-plane
twist of the C,-H bond of pyrimidine ring before the
significant transition between HOMO and LUMO. After that

energy surface.

2.3. Photochromic Ring-Opening Reaction of SP. As reported
in preceding paper [47] and redescribed in Figure 4 and
Table 3, the representative trajectory for the phototriggered
ring-opening process shows that ring-opening reaction of
excited SP starts from the cooperative HOOP torsions on the
excited states and the lifetime of excited states is 422 fs. Then
on the ground state the C,-O bond is broken and the MC-
TCC is formed before 616 fs; after that a transient MC-CCC
isomer appears and is suddenly replaced by the former MC
conformation until 4848 fs. After that the final stable TTC
form of MC is created and kept up to the end. This means that
the ring-opening process takes about 616 fs, which basically
agrees with 900 fs measured by the experiments on the gas
phase [24]. The subsequent isomerization on the ground state
takes about 4 ps, which is less than about 20 ps obtained by
the previous studies [25, 31]. The expected mechanism for
photochromic ring-opening here is also suggested by Liu
and Morokuma in more accurate theoretical computations
(39, 40].

2.4. Mechanism Differences between Real and Model SP.
Except for the photochromic processes of SP described in
Sections 2.2 and 2.3, there are many other trajectories run
in this work; most of them provide information for the
ionization of SP molecule, according to the C,-C, dissoci-
ation. For instance, the lengthening of C,-C, bond of one
representative trajectory for the excited SP is presented in
Figure 5. The lifetime of excited state on this trajectory is
evaluated to be about 254 fs, while this bond is completely
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FIGURE 4: Snapshots taken at different times in a simulation of trans-SP in response to excitation by a 80 fs (FWHM) laser pulse with a fluence
0f 0.139 kJ/m?* and photon energy of 3.972 eV, Atom C, H, N, and O are, respectively, denoted by dark grey, French grey, blue, and red; (a)-(f)

are at 0 fs, 244 fs, 422 fs, 616 fs, 4848 fs, and 15000 fs, respectively [41].
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FIGURE 5: Variations with time of C,-C, bond of cis-SP following
application of a 80fs (FWHM) laser pulse with a fluence of
0.186 kJ/m* and photon energy of 4.054 eV and excited state lifetime
of 254 fs.

broken after about 1430 fs when the bond length approxi-
mately maintains a large average value. The dissociated C,-
C, bond is not recovered on this simulation as the high
kinetic energies on the ground state are not dispersed to

other vibration modes of SP. In comparison with the pathways
in the above sections, it can be found the ionization and
isomerization of excited SP with the same lifetime 254 fs
are both more ultrafast than the ring-opening reaction with
lifetime 422 fs, which confirm the previous conclusion that
the quantum yield of MC products of this photochromic
reaction is relatively less, since the internal conversion from
the excited state to the ground state of SP is even more
efficient [24, 28].

For the model compounds of SP, the pathways are
of a wide variety. With photon excitations, all the four
bonds between the central spiro—C and its connected atoms
would be dissociated, since the bond lengths of them are
similar. The most possible bond lengthening take places
between C, and C, bond in consistent with the real SP
molecule. All the typical simulation trajectories of these
paths with the photoexcitations are displayed on the Sup-
porting Information from Figures S1 to S7 available online
at http://dx.doi.org/10.1155/2014/541791, corresponding to the
cleavage of C;—O bond in Figure S1, the cleavage and then
recovery of C;-C; bond in Figure S2, the dissociations
of C,-N, C,-C,, and C,-C; bonds in Figures S3-S5, the
isomerizations of mSPc and mSPt in Figures S6 and S7,
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respectively. Among these trajectories, it is distinct in Figure
S1 that, through electronic transition from the excited state
to the ground state at 560 fs, the product MC-CCC, which
is measured by the experiment but assumed by the com-
putation, is formed. At about 12 ps, this MC conformation
is started to convert to the more stable product MC-CTC
accompanied with the lengthening of C,-O bond until the
final MC-CTC is completely formed after about 14 ps. This
simulation provides a direct evidence for the very recent
mechanism proposed by Liu and Morokuma [39, 40] and the
previous findings that the transformation from unstable MC
form to the final MC conformation takes about 20 ps [25, 31].
In addition, it can be found in Figure S2 that the dissociation
of C,-C; bond can be recovered at 13411 fs from the broken
form at 9894 fs on the typical trajectory, accompanied with
the recovery of cis-SP as the «, 3, and y finally twist back to
their initial values, which is similar to the previous suggested
process that dissociation of C,-N bond has also a chance back
to the original bonding form [39, 40].

The reason for only three types of trajectories on the
simulations of the real SP may be partially deduced by the
bond distances of these four bonds around the central spiro-
C. As described on Table 1; no matter cis- or trans-SP, the
C,-C, bond of the real molecule is elongated while other
bonds are shortened in comparison with the model ones, so
that the break of C,-C, bond is easier than other bonds. On
the other hand, the C;-O bond can be lengthened since it
points to the stable MC product, while the dissociation of
C,-N or C,-C; would result in the ionization of SP, which
is more active than both SP and MC stable structures. Hence,
no dissociation of C;-N or C,-C; can be discovered on the
dynamic simulations of the real SP, which is different from
the previous conclusions that the internal conversion occurs
accompanying the dissociation of C; -N bond from the model
compounds [38-40].

3. Conclusions

In summary, we have investigated the photochromic reaction
mechanism of SP, employing realistic simulation approach
that couples the dynamics of electrons and nuclei. The main
simulations follow two different excitations that lead to two
altered reaction paths: one is the ultrafast photoisomerization
from cis-SP to trans-SP, with respect to internal conversion
process to the ground state from excited SP. The process
on the excited state involves HOOP torsion of phenyl ring
nearby N atom in 254 fs, while the isomerization takes place
after the electron transition 707 to S, and goes along the
latter potential energy surface with the transformation from
cis- to trans-SP in about 10 ps. The other path corresponds
to the ring-opening reaction of trans-SP, with regard to
the SP to the stable MC conformation MC-TTC. Similarly,
the process on the excited state with the lifetime 422fs
involves two cooperative HOOP torsions of two connected
six membered rings. After the electronic transition 70] to
the ground state, the first MC product MC-TCC is formed
and C,-0 is completely broken after 616 fs, at this moment
the unstable product MC-CCC, assigned to appear shortly

after photoexcitation [48, 49], emerges and rapidly converts
back to the origin MC product MC-TCC. After 4848 fs, this
product is transformed to the final stable MC conformation
MC-TTC with the large twist around the central C;-Cq
bond. This simulation trajectory provides a direct proof for
confirming the proposed mechanism by the very recent
computations [39, 40].

Unlike the possible photodissociation of all the four
bonds around the central C, atom of the model SP, containing
the previously mentioned C,-N bond cleavage [38-40], the
real molecule would usually be ionized with only the C,-
C, dissociation. The ultrafast process of the photoinduced
ionization and isomerization of SP plays very important roles
in the effective internal conversion and less quantum yields of
MC products after the photon excitations, which agrees with
the previously experimental observations [24, 28].

The current dynamic simulations provide more impor-
tant complementarity for the mechanism of the ultrafast
photochromic ring-opening reaction as well as the internal
conversion process of SP. The findings here confirm the
previously theoretical proposals for the explanations of the
ultrafast processes and even supply other possible reaction
paths, for instance, the ultrafast photoisomerization from cis-
SP to trans-SP. The foundational information shown in this
paper would be available to interpret experimental conserva-
tions and helpful to design new photochromic devices based
on these kinds of compounds.
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