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A new method, non-Markovian quantum-classical approximation (NQCA), is suggested to model
the photoisomerization of polyatomic molecules. The NQCA method can be successfully applied to
follow the photoisomerization process for a wide class of reacting systems, namely, those for which
the time scale required for the equilibration in the phase space of the potential energy surface (PESs)
is short compared to the time scale of the transitions between them. Such a situation is quite typical
for the nonadiabatic transitions between the different electronic states in polyatomic molecules,
where a high density of vibronic states facilitates the intramolecular vibrational energy
redistribution, thus providing an efficient relaxation for the phase space distribution. The NQCA can
easily be combined with molecular dynamics and quantum-chemical methods to describe the
evolution of the classical degrees of freedom and the quantum part of the problem. © 2070

American Institute of Physics. [doi:10.1063/1.3368644]

I. INTRODUCTION

Nonadiabatic processes play an important role in a vari-
ety of chemical and biological reactions, such as electron/
proton/energy transfer,' ™ isomerization, etc. The breakdown
of the adiabatic Born—Oppenheimer approximation usually
takes place when the energy splitting between the adiabatic
potential energy surfaces, obtained at the fixed positions of
the atomic nuclei, becomes comparable to the nonadiabatic
coupling terms, so that it can no longer be taken into consid-
eration by means of pertubation theory. These regions of the
nonadiabaticity are typically characterized by a high effi-
ciency of the transitions between the quantum states in-
volved.

The nonadiabatic dynamics of small systems (i.e., with a
few degrees of freedom) is well investigated by now using
both fully quantum-mechanical treatments” and approximate
approaches ranging from the rigorous semiclassical*”’ ones
to the various hybrid schemes adding quantum transitions to
classical trajectories, e.g., surface hoppings’6 and mean-field
approximation.S’6

However, most of the realistic reaction complexes in-
volve polyatomic molecules for which the reaction coordi-
nates are often multidimensional, fact which restricts the
range of applicable methods to the quantum-classical
approaches.5’6’8’9 The quantum-classical methods use classi-
cal mechanics to describe the dynamics of nuclei on the
given PES, while keeping a quantum-mechanical treatment
for the transitions between them. These methods also exhibit
a linear scaling with the increase of the number of the de-
grees of freedom which making them applicable to the study
of the nonadiabatic dynamics of polyatomic reacting sys-
tems.

A key problem in any ab initio approach to the quantum
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transitions is the accurate and consistent treatment of the
transition phase. In the case of the nonadiabatic dynamics,
when the transitions often lead to a considerable reorganiza-
tion of the reaction complexes, the ab initio approach has to
account both for the detailed balance and for the quantum
coherence effects. A non-Markovian quantum-classical ap-
proximation (NQCA) (Ref. 8) has several advantages over
other hybrid quantum-classical approaches in use.”” Thus, it
has known and wide applicability limits and is capable of the
dynamic treatment of the transitions with a full account of
the free-energy change in the course of the transitions, quan-
tum interference, and memory effects. The method can also
be easily applied to realistic multidimensional reaction coor-
dinates through the use of an ab initio molecular dynamics
technique.

In the present article the NQCA method has been used to
study the nonadiabatic pathway for the photoisomerization
reaction of trans-stilbene and p-coumaric acid molecules,
both these molecules are subject of intensive theoretical '’
and experimental investigations.m13 The first one (trans-
stilbene) has a large fluorescence quantum yield and an abil-
ity to follow the isomerization reaction in a variety of envi-
ronments from the single molecule to solvents and molecular
clusters. The second molecule (p-coumaric acid) is the cro-
mophore responsible for the light absorption in photoactive
yellow protein which functions as the blue light sensor in
certain bacteria. However, despite an apparent similarity of
these two molecules and of the underlying photoisomeriza-
tion mechanism, the p-coumaric acid has an isomerization
rate about hundred times faster than that of the trans-
stilbene.

The outline of this paper is as follows. In Sec. II the
basic definitions and assumptions regarding the simulation
procedures of the photoisomerization processes are
introduced. The corresponding kinetic equations of the

© 2010 American Institute of Physics
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FIG. 1. Schematic representation of the adiabatic model for the trans-cis
photoisomerization of stilbene and stilbenelike molecules. It assumes the
existence of a small barrier in the first excited state PES and fast IVR.
Activated barrier crossing is assumed to be the rate limiting step, a radia-
tionless transition into the ground state takes place from the twisted confor-
mation, which nevertheless belongs to the distinct electron PES.

quantum-classical approach used for the simulations of the
photoisomerization of polyatomic molecules are described in
Sec. III. The results obtained are presented and discussed in
Sec. IV. In Sec. V we summarize the results obtained.

Il. BASIC ASSUMPTIONS

Two models were suggested in the literature to explain
the mechanism of the photoinduced isomerization of trans-
stilbene and similar systems and to simulate the correspond-
ing experimental data.'*" In an adiabatic model,m’15 see
Fig. 1, one assumes the existence of a small barrier on the
first excited state (S;) and fast intramolecular vibrational en-
ergy redistribution (IVR), so that the Rice-Ramsperger—
Kassel-Marcus (RRKM) model can be used to calculate the
reaction rate.”™”' The adiabatic model was successfully
applied to the description of the molecular beam
experimentslg’22 and an effective barrier height was esti-
mated to be about 1200 cm™'. However, the pressure depen-
dence of the reaction rate is not well reproduced and its
description requires the introduction/assumption of a “pres-
sure dependent barrier,” without any physically clear picture.
In particular, at low pressures the theoretical model fits rea-
sonably well to the experimental data,”** but at pressures
above 5 bar the experimental rate constant levels off at
20-30 ns~!, while the theoretical high-pressure limit** is at
76 ns~'. Alternatively, a nonadiabatic model involving the
transition to another excited state was suggestedmf19 in order
to explain the photoisomerization mechanism. This model is
supported by the fact that the twisted conformation of stil-
bene, where the radiationless transition to the ground state
takes place, belongs to the distinct electronic state (S,) char-
acterized as the doubly excited or zwitterionic state. '™

The origin of the small barrier in the adiabatic model for
the twist around the central ethylenic bond, which is also
assumed to be the reaction coordinate, is not clear. A bond
length is typically a good qualitative measure for the electron
density located on it and for the associated barrier height of
the torsional motion around it. The longer the bond length,
the lower the barrier, and vice-versa. A series of accurate
quantum-chemical calculations (done by us with the GAMESS
U.S. software at the MCSCF level) show (see Table 1) that in
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TABLE I. In this table are given the bond lengths for the central ethylenic
bond (C;—Cy) and for the neighboring ones (C,—C,, Cg—C,) for trans-
stilbene.

Bond lengths
Trans-stilbene electronic

structure calculations C,—C, C;—Cy Cy—GCy
Ground state (S,) 1.47 1.36 1.47
First excited state (S,) 1.41 1.40 1.41
Second excited state (S,) 1.39 1.44 1.39

the ground state the central ethylenic bond (C;—Cg in
Fig. 2) of trans-stilbene has a double bond character with the
length of about 1.36 A [this is in good agreement with pre-
vious reported values for this bond, of 1.354/1.33 A (Refs.
25-28)], whereas the neighboring ones (C,—C;, Cg—Cy)
have more a single bond character with the length of about
1.47 A (1.483/1.45 A according to Refs. 25-28). As a result,
the direct twist around the central bond in the ground state
has a large activation barrier, while the potential energy sur-
face for the twist of the phenyl rings is flat in the range of
about 30°.**° The results of the bond lengths for trans-
stilbene molecule are also summarized in the Table I.

On the other hand, in the first exited state the corre-
sponding lengths are estimated to be 1.40 A (1.432 A ac-
cording to Refs. 25-28) for the central ethylenic bond
(C;—Cg shown in Table I) and 1.41 A (1.419 A according to
Refs. 25-28) for the neighboring ones (C,—C;, Cg—Cy),
which is in between the single (~1.5 A) and the double
bond character (~1.35 A). As a result, the twist around the
central bond is still expected to have a considerable barrier.
In this state the molecule still maintain the planar
conﬁguration.zs’31

Finally, our quantum-chemical calculations have shown
that in the doubly excited state the central bond has the
length of 1.45 A, shown in Table I, which is closer to the
single bond character. Thus, in the double excited state the
twist around the central ethylenic bond could be almost bar-
rierless.

Thus, the nonadiabatic pathway of the photoisomeriza-
tion, involving the preliminary transition from §; to S, state
within the planar geometry of trans-stilbene, should be fa-
vored over the direct twist around the central bond in the S,
state. In this case the twist around the central bond is not
considered as the rate limiting step, and the reaction coordi-

19)

FIG. 2. Schematic representation of trans-stilbene and its bond lengths for
the ground (S) state. Carbon atoms are represented through gray balls,
whereas the hydrogen atoms through white balls.
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FIG. 3. Schematic model for the trans-cis nonadiabatic photoisomerization
process. The PESs have been considered to be diabatic. It assumes fast IVR
and the nonadiabatic conversion from the first excited state (S,) into the
double excited one (S,) near the planar geometry to be the rate limiting step.
The subsequent twist around the central bond proceeds along S, PES where
it is considered to be nearly barrierless. The X-axis is taken to be the reac-
tion coordinate.

nate for the §;—S, conversion can be any, including in-
plane vibrations. For example, it was found in Ref. 18 that
the nonadiabatic RRKM fits well the experimental data if
one uses a normal mode with the frequency of 400 cm™' as
the reaction coordinate which is obviously not the frequency
of the twist around the central bond.

We estimate the efficiency of the nonadiabatic pathway
of the photoisomerization based on a model which consist of
two multidimensional PESs as schematically shown in Fig.
3. We assume that the molecule in first excited state S, is
prepared with a small energy excess (the frequency of the
laser pulse is about the 0-0 transition frequency), so that the
energy distribution on §; PES may be considered as the ca-
nonical one with the temperature 7 of the surrounding media,
possibly corrected to account for the vibrational cooling ef-
fect.

The PESs for the S; and S, states near their planar ge-
ometry were obtained in the normal modes approximation by
using the quantum-chemical GAMESS U.S. software at the
MCSCEF level. This should be a reasonably good approxima-
tion for all modes except for the twist around the central
ethylenic bond in S, state, which is nearly barrierless as it
was mentioned above. The IVR in trans-stilbene is fast,
compared to the time scale of the photoisomerization, and
was estimated to take about 20 ps.32739 This makes the tran-
sition S; — §, irreversible since the molecule very fast twists
to the transition state with the energy, considerably lower
than the minimum of the S| PES. Such a situation is similar
to the nonadiabatic transitions in the “inverted region” of the
free-energy-gap law where the transitions are thermally acti-
vated but irreversible. However, the normal modes approxi-
mation at the local energy minimum of S, PES near the
planar geometry was used to restore the energy profile in the
transition zone.

The energy splitting between the PESs plays a key role
in the nonadiabatic dynamics. We estimated the energy gap
between the minima of S, and S, states in trans-stilbene
from the spectroscopical data and quantum-chemical
calculations™ (CASSCF/CASPT2 approach) to be about

J. Chem. Phys. 132, 134109 (2010)

TABLE II. In this table are given the bond lengths for the central ethylenic
bond (C;—Cg) and for the neighboring ones (C,—C,, Cs—C,) for cou-
maric acid.

Bond lengths
Coumaric acid electronic

structure calculations C,—C, C;—Cy Cy—GCy
Ground state (S,) 1.48 1.35 1.48
First excited state (S,) 1.39 1.39 1.47
Second excited state (S,) 1.35 1.49 1.43

AE=E,—-E,=0.6 ¢V (the minimum of S, PES lies above the
minimum of ;). More details about the calculations of the
energy splitting between the PESs are given in Sec. III C.
This value is rather large and seems to prevent any surface
crossing events, since it requires too large (and rare) fluctua-
tions of the energy per (reaction) degree of freedom. Never-
theless, in the canonical ensemble the S;— S, transition is
not forbidden energetically, although the mechanism of the
nonadiabatic transitions in polyatomic molecules may funda-
mentally be different from those in small molecules. Within
the classical mechanics picture, in the one-dimensional case
the energetically allowed nonadiabatic transitions always
proceed via the surface crossing events, whereas in the mul-
tidimensional case the fast IVR redistributes the energy
among other degrees of freedom and may effectively prevent
the surface crossing events.

Together with the trans-cis photoisomerization of stil-
bene, we consider the trans-cis photoisomerization of
p-coumaric acid, schematically shown in Table II. The elec-
tronic structure calculations for the p-coumaric acid mol-
ecule have been done using the GAMESS U.S. software at the
MCSCEF level. Similarly to the trans-stilbene case we have
found that the central bond (C;—Cg), shown in Table II, in
the ground state of p-coumaric acid has a double bond char-
acter (1.35 A) which means that it has a large barrier pre-
venting the rotation around it. The neighboring bonds
(C,—C,, C3—Cy) both have the length of about 1.48 A
which is close to the single bond character, thus making the
corresponding potentials for the twist around them to be flat.

In the first excited state (see Table II) the length of the
central bond and one of the neighboring bonds
(C,—C,, C;—Cy) becomes 1.39 A, whereas the bond
length Cg—C, is just slightly affected and becomes 1.47 A.
The rotation around the central bond will still have a to large
energy barrier to allow for the photoisomerization process to
take place in this state. Finally, in the doubly excited state
(see Table II) the central bond has the length of 1.49 A,
which is of single bond character and the twist around it may
again become nearly barriereless.

Thus, the quantum chemistry of p-coumaric acid and its
photoisomerization mechanism look quite similar to the ones
of trans-stilbene. However, the p-coumaric acid chro-
mophore exhibits a much faster isomerization rate than that
of trans-stilbene.' ™ We attempt to clarify the origin of this
difference below.



134109-4 D. C. Tranca and A. A. Neufeld

lll. NQCA AND THE PHOTOISOMERIZATION
PROCESSES OF POLYATOMIC MOLECULES

A. Basic equations of NQCA for the
photoisomerization processes of polyatomic
molecules

In the case of the two PESs the Hamiltonian of the sys-
tem under consideration can be written as

H=Hy 11|+ H72)2 + V. (1)

where I:Ix’z) are the PESs Hamiltonians depending on the

coordinates of the nuclei, V is the coupling Hamiltonian be-
tween them, and |n)(n| are the projectors on the nth elec-
tronic state. The coupling operator is determined as the scalar
product of the momentum of the atomic central p, and the
corresponding nonadiabatic coupling vector d,,

‘7=—E _pa'du’ (2)

where the sum is taken over all atomic centers. In the above
equation 7 is the Planck constant and m, is the mass of the
ath atom in the molecule.

The kinetic equations of the quantum-classical approach,
in the absence of the backward reaction, can be readily be
obtained from those used in Ref. 44 by formally taking the
limit of infinite negative free-energy change in the course of
the reaction, and have the following form

N
d 1
Z—Y) =" ﬁg{}o z_v,z Im(x, (1) Vi(2), 3)

where o(f) is the probability of being on §; PES, N is in
practice a large number of classical trajectories sufficient to
sample the phase space of §;, and

D 2iv, o) - 40 @)
is the auxiliary function for the given trajectory, which ac-
counts for the quantum phase and memory effects. The time
dependence of the nonadiabatic coupling V() and the PESs
Hamiltonian functions difference ),(r) (vertical energy gap)
in Egs. (3) and (4) is in accordance with the corresponding
phase space trajectory ¢,(1), i.e.,

n

ih
Vit) == 3 palqut) - dolgi(0)), 5)
a=1 o
and
O (1) = HY (q,(0) = HY (q,(1)). (6)

Note, that the kinetic Egs. (3) and (4) do not utilize any
mean-field feature, and the auxiliary functions in (4) evolve
on the S; PES.

The potential energy surfaces in the normal mode ap-
proximation and the nonadiabatic coupling vector were ob-
tained by ab initio quantum-chemical methods, whereas the
initial conditions for the classical trajectories on S| PES were
sampled from the canonical distribution as described in the
next section.

J. Chem. Phys. 132, 134109 (2010)

B. Model and simulation procedure

In the present model the harmonic normal mode approxi-
mation for the PESs of both the ground and excited states is
employed. Although the anharmonicity and the mode cou-
plings play an important role, they can hardly be obtained
from the quantum-chemical calculations of polyatomic mol-
ecules.

In the harmonic normal mode approximation, the phase
space of the PESs can be described in terms of the corre-
sponding equilibrium configuration, the normal modes dis-
placements

£9={4".87,.. }, (7)

where the superscript a labels the PES and their momenta.
The transformation matrix between the normal modes dis-
placements and the mass-weighted Cartesian displacements
from the equilibrium positions of atomic central is directly
available from the Hessian calculation by quantum-chemical
software packages.

In the harmonic normal mode approximation the multi-
dimensional trajectory on the PES may be described in terms
of the equilibrium configuration, normal modes displace-
ments, and momenta. The former is obtained by the geom-
etry optimization procedure, whereas the frequencies of the
normal modes, and the transformation matrix from the mass-
weighted cartesian coordinates to the normal modes are di-
rectly available from the hessian calculation, both calcula-
tions were performed using CASSCF method and the
GAMESS U.S. software. The initial conditions for the normal
modes oscillators were specified as follows. First, for every
normal mode we sample its energy from the canonical dis-
tribution by setting45

E,=—kzTIn &, (8)

where ¢ is the uniform random variate on (0,1). Then, one
has the following equations for the time evolution of the
mass-weighted displacements

\2E,

§(1) = cos(wit + @), 9)

Wy

and of the corresponding momenta
b= \2E; sin(ayt + ), (10)

where w; and ¢, being the frequency and the initial phase of
the kth normal mode oscillator, respectively. The initial
phase for the oscillators was taken random from the interval
(0,27r). Thus, at any instant of time we are able to calculate
the set of normal modes displacement and momenta for the
given trajectory, using Egs. (9) and (10).

Calculation of the vertical energy splitting between the
PESs along the given trajectory requires three quantities, the
potential energy for the first PES, counted from its energy
minimum, the same quantity for the second PES, and the
vertical energy splitting (%(),) between the minima of the
PESs. The latter can be obtained from the ab initio quantum
chemistry calculations and spectroscopic data, see Sec. III C
for more details. The vertical energy splitting (in frequency
units) can be written as
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00 =33 @8-S @4+ 00, ()
n k

where () is counted from the minimum of the second PES,
and is positive, if the energy minimum of the second PES
lies above the minimum of the first one.

In the following, for the definiteness, we assume that the
trajectories evolve on the first PES. The equilibrium geom-
etry, the set of the normal modes, and their frequencies of the
second PES are different from those of the first PES, there-
fore, we have to find how the current molecular configura-
tion is represented by the set of the normal modes displace-
ments on the second PES. This is done in three steps. First,
we restore the cartesian coordinates of the molecules from
the known set of the normal modes displacements, the trans-
formation matrix between the normal modes and the mass-
weighted cartesian displacements, and the equilibrium con-
figuration. Second, we rotate the obtained -cartesian
configuration to the Eckart frame of the equilibrium configu-
ration of the second PES, since their orientations obtained by
the geometry optimization are slightly different. Third, we
transform the obtained cartesian coordinates to the normal
modes displacements of the second PES, using its equilib-
rium configuration and the transformation matrix. Then,
Eq. (11) is used to obtain the required vertical energy split-
ting. Note, that the above procedure works for arbitrary
Dushinsky rotation in the molecule.

C. Estimation of the relative energetics of the PESs
for trans-stilbene and p-coumaric acid

Accurate estimation of the energy splittings between the
PESs is of fundamental importance for the modeling and
understanding of nonadiabatic reactions. This quantity is also
frequently used to examine the quality of quantum-chemical
methods, whereas an account for PES-dependent electron
correlation energy represents considerable difficulties for the
perturbation theories employed there. In particular, the verti-
cal excitation energy for trans-stilbene was calculated in Ref.
40 using CASSCF/CASPT?2 approach to be 4.07 eV, which is
indeed close to the 0—0 transition energy of 4.00 eV.* On the
other hand, the molecule upon photoexcitation undergoes
geometric changes which reduces its energy and may lead to
considerably lower 0-0 transition energy than the vertical
one.

To estimate the difference between the 0-0 and the ver-
tical transition energies for frans-stilbene calculations done
in Ref. 40 have been repeated and the vertical excitation
energy to the single 'B,(HL) and double 1Ag(Z) excited
states have been obtained using CASPT2 approach. The lat-
ter excited state is recognized to play a fundamental role in
the process of photoisomerization of frans-stilbene, as the
radiationless transition into the ground state takes place in
the twisted conformation characterized as the double excited
one.'®" Then the geometries for the excited states of inter-
est have been optimized and the calculations have been re-
peated. The results are summarized in Table III.

It is well understood that the vertical excitation energies
predicted by quantum-chemical calculations are usually not
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TABLE III. Vertical excitation energies, corrected by LS (0.3 a.u.)-
CASPT?2. The energies are in eV and counted from the energy of the ground
(lAg(G)) state at its optimal geometry.

Optimal geometries

Electron

state 'A,(G) 'B,(HL) 'A,(2)
'A,(G) 0.00 0.12 0.72
'B,(HL) 4.05 3.71 4.39
'A,(2) 478 4.18 4.06

very accurate, but the energy profiles along the given PES
are well reproduced. Therefore, we estimate from the data
shown in Table III the difference between the 0—0 and the
vertical excitation energy for 'B,(HL) state to be 0.34 eV,
which means that the vertical excitation energy is about
4.00+0.34=4.34 eV, where 4.00 eV is the experimentally
measured 0—0 transition in the molecular beam.**™® The
above analysis confirms the intrinsic error of CASPT2 of
about 0.3 eV in predicting the vertical excitation energies,
and the fact that it usually overestimates the corrections to
the CASSCF energies.w*51

The 1 1Ag—>3 lAg transition was assumed to be re-
sponsible for the absorption band with a maximum at 234
nm or 5.3 eV in the two-photon spectrum of trans-stilbene
dissolved in hexane, which should be close to the vertical
excitation energy to 'A ¢(Z) state. On the other hand, Table III
shows that the difference between the 0-0 and the vertical
excitation energies is about 0.72 eV, which yields an estimate
of 5.30-0.72=4.58 ¢V for the 0-0 transition 'Ag(G)
—1A ¢(Z). The results are summarized in the Table IV, where
the energies are corrected to be in agreement with the spec-
troscopical data.

Figure 4 shows the relative energetics of the PESs of
trans-stilbene, where both the vertical excitation energies
and the energies of the PESs minima, counted from the mini-
mum of the ground state PES, are shown. The (local) energy
minimum of S, PES lies above those of §; state.

Similar approach was employed to estimate the relative
energetics of the PESs of p-coumaric acid. The energy dif-
ference between the minima of the ground and the S; PES is
taken to be 33 200 cm™' or 4.11 eV (0-0 transition) which is
available from the spectroscopical data."® The two-photon
absorption spectrum is broad with a maximum located at
approximately 38 400 cm™' (4.76 eV), and is assumed to be

TABLE IV. The corrected energies of the selected electronic states of trans-
stilbene. The energy profiles along the given state were taken from the Table
I. The relative shifts between the profiles were adjusted to fit the spectro-
scopical data. For 'B,(HL) state we used the known value of 4.00 eV for the
0-0 transition, whereas for 'A o(Z) state we estimated the corresponding
vertical excitation energy of 5.30 eV. As in Table I the energies are counted
from the energy of the ground state at its optimal geometry.

Optimal geometries

Electron

state 'A,(G) 'B,(HL) 'A,(2)
'A,(G) 0.00 0.12 0.72
'B,(HL) 4.34 4.00 4.74
'A,(2) 5.30 4.70 4.58
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FIG. 4. The relative energies of the PESs of trans-stilbene in eV. Both the
PESs energy minima and the vertical excitation energies are shown, the data
are taken from the Table IV. The PESs are treated as adiabatic (avoided
crossings). Here, the nonadiabatic effects arise because the molecule need
not to stay on the S, surface but may undergo transitions to the S, state. The
probability of such a jump increases with decreasing the energy difference
between the S| and S, curves and with increasing velocity along the reaction
coordinate. The X-axis is taken to be the reaction coordinate.

the vertical energy splitting between the ground and the S,
PESs, taken at the optimal geometry of the ground state.
Thus, in order to obtain the relative energy difference be-
tween the S, and the S| PESs, we have to estimate the energy
difference along the S, state at the optimal geometry of the
ground state and at its optimal geometry. This quantity was
found from our ab initio calculations on CASSCF(10e/80)
level to be 1.34 eV, and therefore the resulting energy differ-
ence between the minima of S, and §; states is —0.69 eV,
which also means that the minimum of §, state lies below
that of S; state, contrary to the findings for frans-stilbene.
Note, that we have avoided the direct quantum-chemical cal-
culation of the energy difference between the distinct elec-
tronic PESs, which is known to be a considerable problem
even for the most sophisticated approaches, only the energy
difference along the same PES was used. The obtained re-
sults are summarized on Fig. 5.

IV. PHOTOISOMERIZATION OF POLYATOMIC
MOLECULES—RESULTS AND DISCUSSION

A. Photoisomerization of trans-stilbene molecule

For the simulation of the photoisomerization kinetics of
trans-stilbene we have employed the value of the vertical
energy splitting between the minima of the S; and S, states
of —0.69 eV (the minimum of S, state lies considerably
higher than the minimum of §;), which is consistent with the
spectroscopical data for both one- and two-photon absorption
spectra of trans-stilbene. The potential energy surfaces in the
normal mode approximation were obtained using the
GAMESS U.S. software™™* for ab initio quantum-chemical
calculations and the CASSCF(10e/100) approach.*”' The
nonadiabatic coupling vector was calculated with the freely
available COLUMBUS (Refs. 55 and 56) quantum chemistry
programs suit on the MR-CI level. We mainly concentrate on
the investigation of the mechanisms of the photoisomeriza-

J. Chem. Phys. 132, 134109 (2010)

So

FIG. 5. The relative energies of the PESs of p-coumaric acid in eV. Both the
PESs energy minima and the vertical excitation energy S,— S, are shown.
In the case of p-coumaric acid the PESs are diabatic (allowed crossings).
The X-axis is taken to be the reaction coordinate.

tion rather than on an accurate fitting of the available experi-
mental data. Figure 6 shows the simulated kinetics of the
(irreversible) nonadiabatic transition from S, to S, state,
which is also the photoisomerization kinetics in frames of the
considered model assuming nonadiabatic S; — S, conversion
as the rate limiting step.

The corresponding kinetics is shown in Fig. 6. It has a
single-exponential character and is well fitted by the formula

o(f)=e", 7=630 ps. (12)

Note, that in our simulation we have neglected the cooling
effect of the reaction. Indeed, the molecules with higher total
energies, presented in the canonical distribution, should react
faster, whereas the molecules with the total energy below
some energy threshold may not react at all. Under realistic
experimental conditions this leads to the two-exponential de-
cay, with the faster exponent corresponding to the so-called
first-order photoisomerization reaction followed by a slower
stage when the remaining cold molecules are heated up by
the collisions with the bath molecules. Although this cooling

1.0
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0.6

a(t)

0.4 A

0.2

0.0

T T T T T T T
0 500 1000 1500 2000

t [ps]
FIG. 6. The kinetics of the nonadiabatic transition from S, to S, state for the
trans-stilbene, solid line. Dashed line shows the kinetic of the nonadiabatic
transition from S; to S, in the absence of the high-frequency normal modes.

Dashed-dotted line shows the kinetic of the nonadiabatic transition from S,
to S, in the absence of the low and middle frequency normal modes.
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FIG. 7. Time dependence of the vertical energy splitting, for trans-stilbene,
along a single representative trajectory on S; PES. It is seen that the surface
crossing events are absent (they correspond to the crossing AE=0 level).

effect can be incorporated into our simulation procedure by
assuming the IVR to be faster than the reaction, which is
certainly true for the case of trans-stilbene, but we analyze in
this article the underlying mechanism of the first-order pho-
toisomerization kinetics without influence of the cooling ef-
fect.

The obtained results are quite surprising from the stand-
point of the standard models of the nonadiabatic transitions,
which usually assume the surface crossing events along one
or few reaction degrees of freedom. In our simulation the
minimum of §, state lies 0.69 eV above the minimum of §;
state, and, therefore, the vertical energy splitting between the
PESs at the minimum of S; state cannot be smaller than 0.69
eV. Thus, the (thermal) energy fluctuations on a single reac-
tion degree of freedom, which may potentially lead to the
surface crossing events, have to be about of this value. For
stilbene, being in thermal equilibrium at room temperature
with its 72 internal degrees of freedom, these are too rare
events to contribute to the reaction. Indeed, Fig. 7 shows the
vertical energy splitting between the S; and S, PESs as the
function of time taken along one representative trajectory.
The vertical energy splitting fluctuates between —0.5 and
—1.5 eV, but does not exhibit surface crossing events, when
the vertical energy splitting passes through the zero mark.

To determine the normal modes being most active in the
nonadiabatic coupling between the PESs, we have plotted an
absolute value of the Fourier transform of V,(7) defined in
Eq. (5), averaged over many trajectories. This gives us the
information about the frequency of the corresponding normal
mode and the strength of its contribution into the coupling,
see Fig. 8. The distinct frequency domains are clearly seen in
Fig. 8. In the low frequency domain with mainly torsional,
and bending motion of the molecule, up to ~500 ¢cm™!, one
has only one line with a relatively small amplitude. The mid-
frequency domain from ~500 cm™' to ~2000 cm™', con-
tains a number of lines with different amplitudes. Finally, the
high-frequency domain involves normal modes with the
dominant contribution of C—H stretch vibrations located
around 3300 cm™'. The lines in this region are the most
intense. In particular this is due to larger velocities of the
high-frequency modes, see also Eq. (5).

The dynamics of high-frequency modes is often ne-
glected in ab initio simulations of the structural changes of
polyatomic molecules, by constraining some bond lengths/
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FIG. 8. Absolute value of the Fourier transform of the nonadiabatic cou-
plings V for trans-stilbene, averaged over many MD trajectories. Three
frequency domains can roughly be defined as the low frequency
(0-500 cm™'), the middle frequency (500-2000 cm™'), and the high-
frequency (3300-4000 cm™') domains.

angles to their equilibrium values. In the systems with slow
reaction modes the above procedure allows to increase the
simulation time step considerably, and, as a result, to achieve
a longer time scale of the simulation and/or to reduce the
computational cost. In order to study the importance of the
high-frequency modes for the model under consideration, we
have also simulated the dynamics of the nonadiabatic transi-
tions in the absence of the high-frequency vibrations of the
stilbene molecule, and have set the initial energy of the cor-
responding normal mode oscillators to zero when sampling
from the thermal distribution. The corresponding kinetics is
shown in Fig. 6 by the dashed line. It is readily seen that
when removing the high-frequency modes the reaction rate is
reduced by a factor of 30, giving the characteristic decay
time of about 20 ns. On the other hand, when freezing the
low and the middle frequency normal modes and keeping
only the high-frequency vibrations of the stilbene molecule,
we obtain even a slower reaction with the decay time
>200 ns.

B. Photoisomerization of p-coumaric acid molecule

To perform ab initio simulations for the case of
p-coumaric acid within the framework of the suggested
model, first we have to estimate the energy difference be-
tween the minima of S, and S; PESs. The energy difference
between the minima of the ground and the S; PES is taken to
be 33200 cm™' (0-0 transition), value which is available
from the spectroscopical data."® The two-photon absorption
spectrum found in Ref. 13 is broad and with a maximum
located at approximately 38 400 cm™' which is assumed to
be the vertical energy splitting between the ground and the S,
PESs, taken at the optimal geometry of the ground state.
Thus, in order to obtain the relative energy difference be-
tween the S, and the S; PESs, we have to estimate the energy
difference along the S, state at the optimal geometry of the
ground state and at its optimal geometry. This quantity was
found from our ab initio calculations on CASSCF(10e/80)
level to be 1.34 eV, and therefore, the resulting energy dif-
ference between the minima of S, and S states is —0.69 eV,
which means that the minimum of S, state lies below that of
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FIG. 9. The kinetics of the nonadiabatic transition from S; to S, state for
p-coumaric acid. The following set of parameters was used for the simula-
tion: N=1000 and 7=270, where N is the number of MD trajectories and T’
is the temperature.

S, state, contrary to the findings for trans-stilbene. Note, that
we have avoided the direct quantum-chemical calculation of
the energy difference between the distinct electronic PESs
which is known to be a considerable problem even for the
most sophisticated approaches, only the energy difference
along the same PES was used.

The simulated kinetics of S; — S, transition is shown in
Fig. 9, and is indeed very fast compared to the stilbene ki-
netics, see Eq. (12). The decay has one-exponential character
and is well fitted by the formula

o(t)=e"", 7=0.44 ps. (13)

The reason for the drastic acceleration of the photoi-
somerization kinetics becomes clear from Fig. 10, where the
energy difference between the PESs along some representa-
tive trajectory is plotted. Change of the sign of AE indicates
the surface crossing event, and there are many of them on the
time scale of the reaction. Thus one may conclude that the
dominant mechanism of the non-diabatic transitions in
p-coumaric acid is via surface crossing events, which ex-
plains its much faster isomerization than for stilbene. The
high-frequency domain in the nonadiabatic coupling is not

0.5

AE[eV]
S

-0.5

0 0.5 1 1.5 2
t [ps]

FIG. 10. Time dependence of the vertical energy splitting for p-coumaric
acid, along a single representative trajectory on S; PES and it can be ob-
served that exhibit surface crossing events (they correspond to the crossing
of AE=0 level).
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FIG. 11. Absolute value of the Fourier transform of the nonadiabatic cou-
plings V, for p-coumaric acid, averaged over many MD trajectories. Three
frequency domains can be roughly defined: the low frequency
(0-1000 cm™), the middle frequency (1000-2000 cm™'), and the high-
frequency (3300-4200 cm™') domains.

well pronounced, see Fig. 11, and removing frequencies
higher than 3000 cm™' from the calculations does not con-
siderably affect the kinetics.

V. CONCLUSION

We have carried out ab initio simulations for the trans-
cis photoisomerization kinetics of two polyatomic molecules,
stilbene and p-coumaric acid chromophore. The isomeriza-
tion after photoexcitation into the first excited state has been
modeled as a two-stage process, with the rate limiting step
being the nonadiabatic conversion from a single into a
double excited state, near the planar geometry of the corre-
sponding trans-isomers. The actual isomerization was as-
sumed to take place in the double excited state where it is
nearly barrierless and fast. All parameters of the model were
estimated either from high-level quantum-chemical methods
(equilibrium geometries, normal modes, and their frequen-
cies, nonadiabatic coupling vectors) or from spectroscopical
data. The latter were used to obtain the accurate relative
energies of the electron states involved in the simulations.
The time scale of the photoisomerization kinetics was well
reproduced. For gas-phase stilbene at room temperature the
nonadiabatic pathway gives a characteristic time of approxi-
mately 630 ps, whereas p-coumaric acid photoisomerization
under the same conditions is predicted to be faster than 1 ps.
A deep insight into the mechanism of the reaction reveals,
that in the case of stilbene the nonadiabatic conversion be-
tween the single and the double excited states proceeds with-
out surface crossing events, via relaxationlike mechanism,
when the intrinsic modes of the molecule play the role of a
heat reservoir. On the other hand, the relative energetics of
the single and the double excited states in p-coumaric acid is
opposite, which leads to frequent surface crossing events on
the time scale of the reaction and, as a result, to a much
faster photoisomerization.
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