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Abstract

We have recently developed the Reaction Space Projector (ReSPer) method, which
constructs a reduced-dimensionality reaction space uniquely determined from reference
reaction paths for a polyatomic molecular system and projects classical trajectories into
the same reaction space. In this paper, we extend ReSPer to the analysis of photoreaction
dynamics and relaxation processes of stilbene and present a concept of a "multi-state
energy landscape," incorporating the ground- and excited-state reaction subspaces. The
multi-state energy landscape successfully explained the previously-established
photoreaction processes of cis-stilbene, such as the cis-trans photoisomerization and the
photocyclization. In addition, we discuss the difference in the excited-state reaction
dynamics between stilbene and 1,1'-dimethyl-stilbene based on a common reaction
subspace determined from a framework part of reference structures with a different
number of atoms. This approach allows us to target any molecule with a common
framework, greatly expanding the applicability of the ReSPer analysis. The multi-state
energy landscape provides fruitful insight into photochemical reactions exploring the
excited and ground-state potential energy surfaces, as well as comprehensive reaction
processes with non-radiative transitions between adiabatic states, within the stage of a

reduced-dimensionality reaction space.



1. Introduction

Recent theoretical studies of photochemical reactions have discussed the lifetimes of
products and reaction mechanisms on the basis of the excited-state potential energy
surface (PES) and the intersection region of two or more adiabatic PESs. The conical
intersection (Cl) that intersects adiabatic PESs with the same spin symmetry is now widely
recognized as significant for understanding a non-radiative decay process.”™ For
elucidating the photoreaction mechanisms, it is necessary to explore a series of reaction
paths from the Franck-Condon (FC) structure to the Cl regions. Various methods so far
have been established to obtain the minimum energy Cl (MECI) points and the intersection

seam, involved in the two-adiabatic PESs.5""

The photoreaction process begins with the initial photoexcitation, where the
molecular system transitions from the equilibrium structure of the ground state PES to the
excited state PES with a potential gradient, so the effects of reaction dynamics beyond
the static reaction pathway picture need to be taken into account in the discussion. On-
the-fly molecular dynamics (MD) is a classical trajectory method that does not require a
pre-prepared potential function and provides a dynamical trajectory for a given molecular
system on a PES determined by electronic structure calculations, taking atomic
momentum into account.’>'®* On-the-fly MD has been extended to excited-state reaction
dynamics with a surface hopping scheme,’*"° utilizing Tully's fewest switches algorithm?°
and the Zhu-Nakamura formula for nonadiabatic transitions.?"?? Since on-the-fly
trajectories are time-series data that include all degrees-of-freedom motions of a
molecular system, it is difficult to obtain an intuitive picture of what kind of molecular
structural changes are taking place from trajectories for complex molecular systems due
to their multidimensional nature. Currently, reaction dynamics is discussed by selecting a
set of internal coordinates that are considered important in describing the structural
changes and projecting the dynamic trajectories onto a subspace consisting of these

internal coordinates.

In quantum chemistry, the intrinsic reaction coordinate (IRC),?*?* defined as the
steepest descent path in the mass-weighted coordinate from the first-order saddle point
(transition state: TS) toward the reactant minimum or product minimum on the PES, has

been used as the reference reaction path in describing elementary processes in chemical
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reactions. A reaction path Hamiltonian that takes into account the vibrational degrees of
freedom orthogonal to the reaction path along the IRC has also been formulated,? and
the coupling of reaction coordinates and vibrational coordinates due to reaction-path
curvature has been discussed.?>2 Analyzing on-the-fly trajectories based on a single IRC
has also revealed the deviation of the dynamical trajectory in the direction of the curvature
vector of the IRC.?” However, the dynamical trajectory is not necessarily bound to a single
IRC; many IRCs form a network on the PES. So far, automated reaction path search
methods without prior knowledge of a given molecular system have been established,
enabling us to generate the reaction path network.?®>-3* Recently, Tsutsumi et al. proposed
an on-the-fly trajectory mapping method that analyzes dynamical trajectories based on the
reaction path network containing multiple IRCs, and found IRC-jump behavior that

determines the destination of trajectories in regions where multiple IRCs are in nearby.*

The reaction route map and the on-the-fly trajectory are both founded on the full-
dimensional PES. Therefore, projecting both of them onto an appropriate subspace that
reflects the full-dimensional configurational space makes it possible to visualize dynamical
reaction behaviors into a chemical reaction space in the reduced dimension. However, the
choice of these coordinates is not unique and requires prior knowledge of the reaction
system. In informatics, such ambiguity in coordinate selection can be resolved by
dimensionality reduction techniques for extracting data features from high-dimensional
data space. Several studies so far have clarified chemical reaction mechanisms using
dimensionality reduction techniques, such as the principal component analysis (PCA),3¢-
3 the multidimensional scaling (MDS),3*¢ the locally linear embedding (LLE),*” and the

isometric feature mapping (Isomap).4047

The classical MDS (CMDS) method provides principal coordinates (PCos) that
reproduce the similarity of a given high-dimensional data in a low-dimensional space as
much as possible.*® Therefore, for application to molecular structure data, a relative
position of each structure visualized in the subspace by PCos should reproduce their
mutual distance relationship in the full-dimensional coordinate space. In 2008, Trosset et
al. proposed a way for projecting "out-of-sample" data into a subspace of lower
dimensionality defined by CMDS.*® Recently, we have developed the Reaction Space
Projector (ReSPer) method that automatically constructs the low-dimensional reaction
space and projects on-the-fly trajectories onto the same space using CMDS and the out-
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of-sample technique, respectively.*'* ReSPer analysis has successfully elucidated
dynamical reaction behaviors in the reduced-dimensionality reaction space for several
reaction systems, such as the collision reaction of OH™ + CH3F — [CH30H---F]™*24% and
the isomerization and bifurcation reactions of a small gold cluster;*>=** however, the

applications are so far limited to the ground state reactions.

Here, we extend the ReSPer method to photochemical reactions proceeding on
PESs in both excited and ground states. As a demonstration of the method, we apply it to
the photoreaction of cis-stilbene (SB), a well-known photoswitching basic molecule. The
T excited ¢is-SB undergoes the photocyclization leading to 4a,4b-dihydrophenanthrene
(DHP) and the cis-trans photoisomerization relaxing from the twist region in the S state,%-
53 where the torsion angle is approximately 90 degrees. Many researchers have devoted
considerable effort to elucidating the photoreaction mechanism for cis-SB-"2 and
concluded that the dominant reaction process was photoisomerization rather than
photocyclization. On the other hand, interestingly, Berndt et al. observed that the transient
absorption spectra of 1,1'-dimethyl-cis-stilbene (cis-dmSB), with two methyl groups at the
ethylenic part of SB,”® suggesting that the tendency of photoreaction of cis-dmSB in the
Sq(mrmr*) state was opposite to that of cis-SB. In order to clarify inherent factors for
differences between cis-SB and cis-dmSB, Harabuchi et al. investigated the photoreaction
mechanisms for both systems by projecting dynamical trajectories onto a two-dimensional
subspace defined by two internal coordinates: the C=C torsion angle and the interatomic
distance of two carbon atoms involved in photocyclization.”®’* Subsequently, Tsutsumi et
al. also studied the photochemistry of a-methyl-cis-stilbene” and discussed the excited-

state branching reaction mechanism in comparison with both cis-SB’ and cis-dmSB."

In this study, we define a reduced-dimensionality "multi-state" reaction space
determined from reference structures on both Se- and Si-state PESs by the ReSPer
method. We also incorporate the concept of the energy landscape, which represents the
morphology of a single PES, including multiple reaction paths.*>¢="8 |n the following, we
name the multiple energy landscape generated by adding the axis of potential energy to
the principal coordinate axes, constituting the reaction space of multi-electron states,
determined by the ReSPer method as the "multi-state energy landscape," and discuss the
relaxation process of ™ excited cis-SB based on the multi-state energy landscape.
Furthermore, to clarify the difference between the excited-state PES of SB and dmSB, we
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construct a reaction space determined from the dataset of the frame part common to both

and compare them to discuss the similarities and differences in the reaction path network.

2. Reaction Space Projector Method

The Reaction Space Projector (ReSPer) scheme is straightforward: 1) preprocess the
structural data of a given molecular system to generate the data required for the
dimensionality reduction method, 2) perform the dimensionality reduction to obtain
appropriate principal coordinates, 3) (if necessary) project the structural data along the
on-the-fly trajectory as out-of-sample data onto the reduced-dimensionality reaction
subspace. As the dimensionality reduction method, we use the classical multidimensional

scaling (CMDS) method and its out-of-sample extension.*=#4
2.1. Classical Multidimensional Scaling and Out-of-sample Extension

The CMDS method determines the principal coordinates (PCos) representing the
location of each structure based on the distance matrix D, whose jith component is the
Euclidean distance dj between structures i and j. We define the Euclidean distance dj; as

the linear distance in 3N-dimensional mass-weighted Cartesian coordinates:

3N

D;j =d;; = 2( @ - 519))2 = 8@ -3 M

k

where £ is the mass-weighted Cartesian coordinate of the ith structure of an N atomic
molecule. The preprocessing process to get the proper pairwise distance between two
structures is outlined in the next subsection. The CMDS procedure is as follows: 1) Get

the inner matrix Q by applying the Young-Householder transformation” to the squared

@)

distance matrix D;;" = dl-zj; 2) Diagonalize Q to obtain the eigenvalues {44, ...,1,} and

corresponding eigenvectors {L, ..., L,,}, where n is the total number of refence structures;
3) Select the p largest eigenvalues and corresponding eigenvectors to generate p principal
coordinates (PCos), X, = La\/4, (1 < a < p). Since the eigenvalue 1, means the amount

of information of the ath principal coordinate, we can verify the availability of dimensionality

reduction by the proportion of eigenvalues:*®



Aa
XA

Ag = (2)

p
2¢ Ac
A:ZA: , (3)
), he =5,

where b is the total number of positive eigenvalues. These are referred to as the proportion

of variance A, and the cumulated proportion A, respectively.

Embedding new data into a reduced-dimensionality subspace is accomplished by
the out-of-sample technique. Trosset formulated the out-of-sample extension of the CMDS
method,*® and we implemented this procedure in the ReSPer program to project an on-
the-fly trajectory data into the low-dimensional reaction space determined by CMDS. The
CMDS method and the out-of-sample embedding procedure are summarized in the

literature.41-44:48.49

2.2. Preprocessing of Molecular Structures

In order to construct a reasonable reaction space, the orientation of reference structures
needs to be aligned before running the ReSPer program. This is because it greatly affects
the accuracy of the distance matrix. For a given pair of structures, the center of mass must
be fixed at the coordinate origin, and the x-y-z coordinate axes must be rotated so that the
distance between the structures is minimized. The latter axes rotation is conducted by the
Kabsch algorithm.8®" However, even after the molecular structure alignment, the
appropriate distance may not necessarily be obtained if the order of the identical atoms is
switched. Molecules in which the order of identical atoms is switched are called nuclear-
permutation inversion (NPI) isomers to the original structure, and the structural distance
(eq 1) between the two NPI isomers is greater than zero, even though the molecular
structures are identical. For the NPI problem, we so far devised a merged-NPI procedure
that assigns the smallest distance between all NPI isomers of each structure as the

pairwise distance dj when determining the distance between structure i and structure j.3°

Although the merged-NPI procedure can search for the most suitable NPI isomers

for a given reference structure, generating a distance matrix involving numerous NPI
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isomers is not practical. For example, in the case of stilbene (C14H12), the total number of
NPl isomers is 14! X 12! X2 =8.4X10'°. In practice, it is unnecessary to consider structural
changes such as the exchange of two atoms in a chemically stable part (e.g., benzene
ring) or between distant parts because these changes raise the energy barrier. Therefore,
in this study, only 16 (= 22 x 2 x 2) NPl isomers generated by internal rotation of two phenyl
groups, inversion operation, and atom-map flipping were selected as NPI isomers to be
considered in the merged-NPI method. Atom-map flipping is an operation that flips the
numbering of the atoms of a stilbene molecule (or a stilbene derivative) with respect to the
central C=C bond. Here, we would like to emphasize the difference between the inversion
operation and the atom-map flipping. As shown in Figure 1, S1-MINwist has a pyramidal
shape around C2 with the C2-Ph group rotating to the front side of the paper; when the
inversion operation is performed on Si-MINwis;, the C2-Ph group rotates to the back side
of the paper, producing a chiral isomer with a pyramidal shape around C2. In contrast, in
the atom-map flipping, the NPl isomer has the C1-Ph group rotated to the back side of the

paper, producing a pyramidal shape around C1.

3. Computational Details

Referring to the previous reports on SB”® and dmSB,™ several minimum structures (MIN),
TS structures, and MECI structures were determined by exploring the PES in the Sy and
S states for SB and dmSB. To obtain the connectivity of each structure in the Sp and S;
states, we calculated the IRC?>?* from the TS structure and the meta-IRC (= the steepest
descent path starting from a non-stationary point) from the three Franck-Condon (FC)
structures on the S, state and from the three MECI structures. Note that the three MEClIs
found in this study are not peaked Cls located as minima on the PES in the excited state
but sloped Cls,®? so one meta-IRC on each PES for each MECI was obtained. All
electronic structure calculations were performed by the spin-flip time-dependent density
functional theory (SF-TDDFT)® method with BHHLYP functional and 6-31G* basis set,
using the GAMESS program.®* The geometry optimization and the reaction path
calculation were conducted by the GRRM17 program?®, in which the gradient projection
method was employed in the MECI optimizations, with the state-tracking method.”®"* We

further carried out normal mode analysis to verify the features of TSs. The Cartesian
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coordinates of MIN, TS, and MECI structures for SB and dmSB discussed in this article

are given in Supporting Information.

We also performed on-the-fly MD simulations for cis-SB on the PESs in the S; and
So states to comprehensively discuss the dynamics of non-radiative decay at the same
SF-TDDFT level by the SPPR program® combined with the GAMESS program.® The time
evolution of Newton's equation of motion was conducted by the velocity-Verlet algorithm.
We also used the state-tracking method proposed in the previous study’®’ to track the
target state of interest (see Figure S1 in Sl). First, on-the-fly MD simulations were
performed for mrT*-excited cis-SB on the S¢-PES, with initial conditions determined by
normal-mode sampling of So-MINg;s: the atomic coordinates and velocities were generated
by adding the initial energy to each normal mode according to the Boltzmann distribution
at 300 K. The time step was set to 0.2 fs, and 22 trajectories were run until the energy
difference between the Sy and S4 states was less than 0.2 eV (~ 4.6 kcal/mol). After
reaching the Cl region, the trajectories were hopped to the So-PES, and the MD simulation
was continued in the ground state for 1 ps. For cis-dmSB, we analyzed on-the-fly
trajectories that were previously reported.” The Cartesian coordinates for initial, hopping,
and terminal points of on-the-fly trajectories discussed in this article are given in

Supporting Information.

In principle, the ReSPer program can handle a large number of molecular
structures comprising reaction paths and on-the-fly trajectories, but it is time-consuming
and the reaction space becomes cumbersome. Therefore, we thinned down the number
of structures to about 10 for each forward-IRC, backward-IRC, and meta-IRC. For on-the-
fly trajectories, only structures with local potential minima along time were selected as

reference structures.

The accuracy of electronic structure calculations for SB has been discussed in various
sophisticated methods.>*"".7287 |offe et al. performed the extended multiconfiguration
quasi-degenerate perturbation theory (XMCQDPT2) calculations for SB on the Sg and S
states and reported that the SF-TDDFT results were not quantitative, but the feature of
S+-PES was qualitatively consistent with XMCQDPT2.”" The validations for SF-TDDFT
compared with the sophisticated methods’'®” are summarized in Table S1 (see SlI).

Moreover, the non-adiabatic dynamics simulations of the excited cis-SB have shown good
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agreement with experimentally observed lifetime and branching ratio.®>-°8 It is noted that
our interest is to extend the ReSPer analysis to the multi-state energy landscape, and
therefore, we focus on how dynamical reaction processes are represented in the multi-

state landscape rather than statistical aspects of the destinations of trajectories.

4. Results and Discussion
4.1. Ground-state Energy Landscape for Stilbene

Figure 1 shows the molecular structures of SB and their relative energies in the Sp and
S, states, which were calculated in this study. Hereafter, S-MINa, S-TSas, and S/S;-
MECIA denote the MIN structure of the A form in the S; state, the TS structure connecting
the A and B forms in the S; state, and the MECI structure in the A region between the S;
and S; states. Note that the structure form (region) A includes cis, trans, DHP, and twist.

We also calculated relevant IRCs and meta-IRCs.
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(a) Ground state (S) (S,/S,) in kcal/mol

SO'MI Ncis SO'M I NDHP SO'MI Ntrans So'TSDHP-c/s SO'TScis-trans
(5.1/116.1) (44.3/114.0) (0.0/104.3) (73.4/104.3) (57.2/100.1)

(b) Excited state (S,)

L]

S,-TS

¢

S,-MIN S,-MIN S,-MIN

S,-TS
(65.2 / 90.8) (69.3 / 94.5) (8.4/94.2) (50.5 / 97.4) (50.3 / 98.3)

DHP twist trans DHP-twist twist-trans

(c) Minimum energy conical intersections (S,/S)

4

S,/S,-MECI

S,/S,-MECI
(94.9 / 94.9) (98.2/98.2) (98.8 / 98.8)

e S/S7MECI

twist1 twist2

Figure 1. Molecular structures for stilbene. (a) Three minima (MIN) and two transition
state (TS) structures in the S state, (b) three MIN and two TS structures in the S state,
and (c) three minimum energy conical intersection (MECI) structures between the So and
S; states. S-MINa, S-TSa-s, and S/S;-MECIa denote the MIN structure of the A form in the
S; state, the TS structure connecting the A and B forms in the S; state, and the MECI
structure in the A region between the S;and S; states. Note that the structure form (region)
A includes cis, trans, DHP, and twist. The different MECIs in the twist region are
distinguished as S1/So-MEClwistt and S1/So-MECluwist2 in order to decrease potential energy.
The potential energies relative to So-MINyans are shown as (So energy / S¢ energy) in

kcal/mol.

Figure 2a shows the reaction route map in the two-dimensional reaction space
determined by applying ReSPer to 79 reference structures including three So-MIN, two So-
11



TS, three S4/So-MECI, as well as structures on two IRCs and three meta-IRCs, for the
ground state of SB. For simplicity, the molecular structures along each reaction path are
not depicted, but these structures were used in the ReSPer analysis. The (A4, A;), which
represents the proportion of the variance of PCo1 and PCo2, is (0.882, 0.054), and the
cumulated proportion is 0.936, confirming that the two PCos almost completely describe
the reaction space of the ground state of SB. The other proportions are summarized in
Fig. S2a (see Sl). As shown in Fig. 2, PCo1 well describes the structural change along
the part of the IRC starting from So-TScis-rans, Which correlates with the torsion motion of
the central C=C bond leading to cis-trans isomerization. PCo2 changes along the IRC
from So-TSpHp-cis 10 So-MINpHp and along the meta-IRC starting from S1/So-MEClwist1 and
S1/So-MECIwise. As PCo2 decreases, the C5-C3-C1-C2-C4-C6 moiety (the ethylene
moiety and two phenyl groups; atom numbering is shown in Fig.1) flattens out regardless
of the direction of each phenyl group. Indeed, as shown in Fig. 1, the C5-C3-C1-C2-C4-
C6 chains are pseudo-orthogonal in S1/So-MEClwistt and S1/Sg-MECluwisee with large PCo2,
and their chains are pseudo-parallel in So-MINprp and So-MINgans with small PCo2. These
structural changes suggest the difficulty of representing PCo2 in terms of simple internal

coordinates.

Photoreaction mechanisms of SB and its derivatives have been discussed based
on a two-dimensional coordinate space in terms of the dihedral angle of the central part
and the C5-C6 interatomic distance, which characterize cis-trans isomerization and
cyclization reactions, respectively.”®"*’> However, these two coordinates are strongly
correlated, as indicated by the increase in the interatomic distance with increasing the
dihedral angle. This feature supports that the two elementary processes under study are
approximately reproduced by a single reaction coordinate of PCo1, as seen in the
proportion of the variance of PCo1. Indeed, an examination of the variation of the internal
coordinates along PCo1 confirms a positive correlation between the dihedral angle of the

central part and the C5-C6 interatomic distance, as shown in Fig. S3a (see Sl).
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Figure 2. Ground-state reaction route map and energy landscape for stilbene
determined from the reference structures in So-PES. (a) Two-dimensional reaction
space defined by principal coordinates (PCos) and (b) energy landscape and its projection
onto the PCo1-PCo2 plane. Three So-MINs, two So-TSs, and three S1/So-MECIs are
shown as squares, circles, and diamonds, respectively. Five reaction paths, including two
IRCs from So-TSs and three meta-IRCs from S1/So-MECIs, are represented by a single
line. The marker edge color indicates on which PES the molecular structure was
optimized: blue for So-PES and green for the crossing point between S4-PES and So-PES.
The proportion of the variance of PCo1 and PCo2, (A4, A,), is shown in (a). The potential

energy value is indicated by the color map with respect to So-MINgrans.

Adding the information of potential energy to the grids in the reduced-
dimensionality reaction space provides an intuitive understanding of the shape of PES.

Figure 2b shows the ground-state energy landscape with the relative potential energy in
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the Sy state as the third axis. It is noted that the visualized IRC profile appears to descend
sharply from So-TS on the energy landscape due to data thinning. Comparing the barrier
heights of Sg-TSpHe-cis (73.4 kcal/mol) and So-TScis-rans (57.2 kcal/mol), as discussed below,
cis-SB on the ground-state energy landscape thermodynamically prefers cis-trans
isomerization to cyclization to DHP-form, but either reaction can energetically occur

through relaxation from S1/So-MECIs to the ground state in each region.

Figure 2 also contains three meta-IRCs originating from three S1/So-MECIs
corresponding to the sloped Cls. The meta-IRC starting from S1/So-MECIpHp reaches Se-
MINgs because the meta-IRC merges at the cis side when it joins the IRC connecting So-
MINpre and So-MINg;s in the S state. For the same reason, meta-IRCs starting from S+4/So-
MECIwistt and S1/So-MECIwisz proceed on So-PES towards trans-region and finally reach
So-MINans.

4.2. Excited-state Energy Landscape for Stilbene

Next, we construct the excited-state two-dimensional reaction route map for SB by
ReSPer, including three Si-MINs, two S+-TSs, three S1/So-MECIs, and eight reaction
paths on S4-PES, for a total of 111 structures (Fig. 3a). Note that three So-MINs are also
included as Franck-Condon (FC) structures on S4-PES. Figure 3b shows the excited-state
energy landscape corresponding to Fig. 3a. The proportion of variance (A4, A,) is (0.860,
0.085), indicating that two PCos sufficiently reproduce the excited-state reaction route
map for SB. Other proportions are summarized in Fig. S2b (see Sl). Interestingly, the
physical meaning of PCo1 and PCo2 coincide well with those of the ground-state reaction
route map (Fig. 2). Note that, in the excited-state landscape, the pyramidalization angle
correlates somewhat more with PCo2 than in the ground-state landscape, as shown in
Fig. S3b (see SI). This result suggests that the reduced-dimensionality reaction route
maps of the ground and excited states can be determined together by common principle

coordinates without significant influence on their relative configuration.
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Figure 3. Excited-state reaction route map and energy landscape for stilbene
determined from the reference structures on S:-PES. (a) Two-dimensional reaction
space defined by principal coordinates (PCos) and (b) energy landscape and its projection
onto the PCo1-PCo2 plane. Six minima (So-MINs and S1-MINs), two Si-TSs, and three
S+1/Se-MECIs are denoted by squares, circles, and diamonds, respectively. Eight reaction
paths, including two IRCs from Si-TSs, three meta-IRCs from the Franck-Condon
structures of So-MINs, and three meta-IRCs from S1/So-MECIs, are denoted by a single
line. The marker edge color indicates on which PES the molecular structure was
optimized: blue for So-PES, pink for S1-PES, and green for the crossing point between Si-
and So-PESs, respectively. The proportion of the variance of PCo1 and PCo2, (A4,A,), is
shown in (a). The potential energy value is indicated by the color map with respect to Se-
MINGirans.
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As shown in Fig. 3b, the meta-IRC from the FC structure of So-MINgs on the Si-
PES immediately merges into the IRC between S1-TSprp-mist and S1-MINprp, with a sharp
energy decrease. Figure 3b also intuitively shows that the excited cis-SB can dynamically
access all S1/Sg crossing regions because the potential energy of the FC structure at So-
MINgs is relatively higher than at S4/So-MECIs. In addition, as discussed in previous
studies,”® meta-IRC from Si/So-MECIlpne reaches S+-MINpwe directly without energy
barriers, and meta-IRCs from S1/So-MEClyist1 or S1/So-MEClwise reach S1-MINwist without
energy barriers. Thus, the reduced-dimensionality energy landscape highlights the
relationship between the shape of the reaction route network and the excited state reaction

dynamics on S4-PES.

Many experimental efforts have been devoted to elucidating the relaxation
processes of cis- and trans-SB from a common twist region to the ground state, especially
the existence of barriers from each FC structure to the twist region.%%-525%-63 For ¢js-SB, it
is recognized that the rT*-excited molecule proceeds to the twist region with almost no
barrier on the excited-state PES, which is supported by the ultrafast relaxation to the
ground state within 2.0 ps.5"®® Harabuchi et al. theoretically demonstrated that excited cis-
SB preferred a conformational change to the twist-form and smoothly relaxed to the
ground state through the conical intersection in the twist region.”® Based on these results
and the excited-state energy landscape in Fig. 3b, the experimentally suggested small
barriers may correspond to the reaction barrier with S1-TSpHp-twist (6.6 kcal/mol from S-
MINpwp to S1-MINwist) or the energy difference between S1-MINwist and two MECIs (S1/So-
MECIuwistt and S1/So-MEClIwis). On the other hand, since trans-SB has a relatively long
lifetime of 25 ps®' than cis-SB, it is experimentally confirmed that there is a planar stable
structure near the FC region and that a small barrier along the reaction path from the
planar structure to the twist region exists.??2 In the reduced-dimensionality reaction space,
the planar minimum structure, S1-MINgns, is located near the FC structure of So-MINrans,
indicating that a potential barrier of 4.1 kcal/mol is required for frans-twist isomerization
via S1-TSuwist.trans. This result supports the morphology of S1-PES with a reaction barrier of

1200 cm™ (~ 3.4 kcal/mol) reported in previous studies.®23

4.3. Multi-state Energy Landscape for Stilbene
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To reveal a comprehensive photoreaction path based on both ground and excited states,
we construct the “multi-state” reaction route map and energy landscape by ReSPer.
Figure 4a shows the multi-state reaction space containing 228 structures in total, including
six minima, four TSs, three S1/So-MECIs, and 13 reaction paths. Note that each So-MIN
has two data points, the minimum structure on the So-PES and the FC point on the S4-
PES, which overlap in Fig. 4a. The multi-state energy landscape corresponding to Fig. 4a
is also shown in Fig. 4b. The proportion of variances (A;,A;) is (0.865, 0.069), and the
relative locations of molecular structures in each state are similar to the respective single-
state reaction route maps. Other proportions are summarized in Fig. S2c (see Sl). These
results indicate that, as expected in the above section, the two PCos adequately
reproduce the multi-state reaction space and have almost the same meanings as Figs. 2
and 3.
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Figure 4. Multi-state reaction route map and energy landscape for stilbene
determined from the reference structures on both S,- and S:-PESs. (a) Two-
dimensional reaction space defined by principal coordinates (PCos) and (b) energy
landscape and its projection onto the PCo1-PCo2 plane. Six minima (So-MINs and S-
MINSs), four TSs (So-TSs and S+-TSs), and three S1/So-MECIs are denoted by squares,
circles, and diamonds, respectively. Thirteen reaction paths, including four IRCs and nine
meta-IRCs, are indicated by a single line. Note that each S¢-MIN has two data points, the
minimum structure on the S¢-PES and the Franck-Condon point on the S4-PES, which
overlap in Fig. 4a. The marker edge color indicates on which PES the molecular structure
was optimized: blue for So-PES, pink for S1-PES, and green for the crossing point of S+-
PES and So-PES. The proportion of the variance of PCo1 and PCo2, (A4, A;), is shown in

(a). The potential energy value is indicated by the color map with respect to So-MINgans.

The cis-trans photoisomerization of SB has traditionally been discussed on the
basis of a one-dimensional potential energy curve with a dihedral angle around the central
ethylene part. Along this potential energy curve, the So-PES has a large barrier around
the approximately 90° twisted region, whereas the Si-PES stabilizes in the same twisted
region, where the Sp and S; states are considered to be degenerate. Therefore, Trmr*-
excited cis-SB is recognized to decay through the twisted region and finally relax to the
trans- or cis-form in the S, state.*® However, in general, the choice of internal
coordinates to describe a reaction process requires chemical intuition, and no one can

guarantee their appropriateness for discussing chemical reactions.

The reduced-dimensionality reaction route map constructed by ReSPer is
mathematically guaranteed to reproduce the position of the molecular structure in the full-
dimensional space as much as possible in the low-dimensional space. Consequently, the
dimensionality reduction map and its energy landscape are very useful tools for describing
chemical reaction processes. The two-dimensional reaction space in Fig. 4a indicates that
the cis-trans photoisomerization reaction occurs as PCo1 increases; around PCo1 =0 ~
4 A amu'?, the potential energy of the S; state decreases while the potential energy of the
So state increases. Focusing on PCo1, which accounts for 86.3% of the positional

information on the reference structures, So-TScis-rans is located very close to S1-MINwis:, as
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assumed in the conventional one-dimensional scheme. However, the multi-state energy
landscape in Fig. 4b shows that the energy difference between the S; and Sy states
becomes zero at S1/So-MEClwist1 and S1/So-MEClwist rather than near So-TScis-trans and S+-
MINwist, which are separated from the twisted MECIs by PCo2. This picture has been
reported from sophisticated electronic structure calculations,”’ indicating that the non-
radiative relaxation to the ground state should be discussed in the two-dimensional
reaction space. On the other hand, So-TSprp-cis and S+-MINpwp are close to each other in
the two-dimensional reaction space and their energies are also close, which is due to the
rigidity of the DHP form. Thus, the reduced-dimensionality reaction space and energy
landscape provide useful insights into the morphology of PES that cannot be captured

from conventional reaction schemes.

4.4. On-the-fly Trajectory Analysis based on Multi-state Energy Landscape for
Stilbene

Next, we discuss the non-radiative decay mechanisms of cis-SB on Si- and So-PESs
based on the reduced-dimensionality reaction route map. Figure 5 shows two on-the-fly
trajectories projected by the out-of-sample technique*?“° into the multi-state reaction
space shown in Fig. 4a. Figures 5e-f show the projection of these two trajectories onto the

multi-state energy landscape shown in Fig. 4b.

Figures 5a-b show the on-the-fly trajectory relaxing from the S1-DHP region to the
ground state: the reaction processes on S1-PES and So-PES are shown in Fig. 5a and Fig.
5b, respectively. Figure 5e shows the same trajectory projected into the multi-state energy
landscape. After TrT™ excitation around the So-MIN;s structure, this trajectory initially goes
toward the twist region on S1-PES, approaching S1/So-MEClwis2, but it does not reach the
Cl region and goes to the DHP region via the S1-TSphp-mist. It then relaxes to Sp-PES in a
region around S1/Se-MECIpne and finally gets trapped in the So-DHP region without
crossing the So-TSprp-cis. Interestingly, although some trajectories hopped to the ground
state on the cis side of the IRC going through So-TSpwp-cis, all trajectories relaxing from the
S1-DHP region were trapped in the So-DHP region in the ground state. This result suggests
that after relaxing from the S1-DHP region, the photoreaction process prefers to undergo
photocyclization with the velocity direction maintained on S1-PES and then trapped in the
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So-DHP region. The relaxed trajectory has much higher energy than the potential energy
on the reaction path in the ground state, but in order to cross the So-TSpHp-cis in the ground

state, this excess energy must be converted to the direction of the reaction coordinate.

Figures 5¢c-d show the case of on-the-fly trajectory relaxing from the twist region to
the ground state: the reaction processes on S4-PES and So-PES are shown in Fig. 5¢c and
Fig. 5d, respectively. Figure 5f shows the same trajectory projected into the multi-state
energy landscape. This trajectory first goes toward the S1-DHP region following the meta-
IRC from the FC point of So-MINc;s, but goes to the twist region and enters the Cl region
around S1/So-MECIwist1. After relaxation to So-PES, it initially goes to the cis region and
then moves to the trans region, but returns to the cis region. In contrast to Fig. 5b, this
trajectory entering the frans region on So-PES comes back easily to the cis region because
of the lower energy barrier of So-TScis-trans than that of So-TSphp-cis, @S shown in the energy
landscape of Fig. 5f. Of course, each trajectory has sufficiently higher energy than So-TSs.
The nature of the decay process and the fact that excited cis-SB prefers
photoisomerization to the twist-form on S1-PES%":5°60 sypport the fact that the cis-form is
the dominant product after the molecule relaxes to the ground state.®*% The ReSPer
analysis can reveal comprehensive photochemical reaction processes based on the multi-

state energy landscape that serves as the stage for chemical reactions.

20



(a) s . 140 (b) 140
S,/8-MECI, ., S -TS
o [ ¢is-DHP
“1  s/s,MECI NP> 120 1 120
1 4] DHP %‘ %‘
2 4 l =t \ 100 £ 24 100 E
— R —
E.:! |-/$1— x @ o g S:I g
£ o0 | - 80 = E 04 80 =
« & |\ Ty > o @ =2
< o ! 3 = . S
2 ] . R c -2 4 - A\ it X s
o Initial S TSy wist 60 G N \ Initial 80 &
O g o A i 2
Lt w = & 44 T Terminal w0 &
: & @
s] O Hopping 20 51 20
-8 T T T T T T T 0 -8 T T T T T T T 0
16 12 -8 4 0 4 8 12 16 16 12 8 4 0 4 8 12 16
PCo1 [A amu'?] PCo1 [A amu'?]
Cc 6 . - 140 d [ — N - 140
() Hopping ‘/SJSO-I\AECI,stm (d) Hopping. /SJSH-MECIMM
4 iti S 120 4] P 120
Initial | > 2 —_ —
1 . 3 35
2 100 £ 2 100 E
= 8 & 8
E o a0 = g o 80 =
§ 5 & 5
<, @ < @
o 21 60 & o 2 680 &
8 2 8 SoTS i s 2
4 40 © -4 4 40 ©
i) Q
14 4
6 o 20 8 20
-8 T T T T T T T 0 -8 T T T T T T T 0
16 -12 -8 4 0 4 8 12 18 16 12 -8 4 0 4 8 12 16
PCo1 [A amu'?] PCo1 [A amu'?]
(e) Terminal Initial 140 (f) 140
1
"""" 140 120 120
r120 . _
r100 S 2
Hopoi 100 £ 100 £
opping 5 T
=, =
80 o 80 o
= =2
Q Q
80 & 60 3
[] (]
= >
40 % 40 %
04 4
20 20
6 -6
§ c,’.ﬁf 0 § &QT 0
PCo1 IA amu'?] QCJ PCo1 [A amu'?) QCJ

Figure 5. On-the-fly trajectories projected onto the two-dimensional multi-state
reaction space and energy landscape predefined in Figs. 4a and 4b, respectively.
On-the-fly trajectory (a) which proceeds from S¢-MINgs to S1/So-MECIpne via the twist
region on S1-PES and (b) gets trapped around So-MINprp after hopping to So-PES from
the S1/So-MECIpne region. On-the-fly trajectory (c¢) which proceeds from So-MINg;is to S1/Se-
MECIwist1 via the DHP region on S1-PES and (d) approaches So-MINis after hopping to
So-PES from the S1/So-MECIwist1 region. (e-f) Overall picture of projected trajectories on

the multi-state energy landscape. The trajectories are indicated by blue lines, while the
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"initial" point, the "hopping" point from S+-PES to So-PES, and the "terminal" point of each
trajectory are denoted by cross marks. The time evolution of each trajectory is shown by
the dashed arrows with the numbers representing the time order. The color map and the
third axis in Fig.5d show the potential energy relative to So-MINgans for both the reaction

route map and the on-the-fly trajectories.

The relevance of ReSPer analysis and non-adiabatic dynamics simulations for
photoreactions should also be mentioned. With the surface hopping MD scheme? and the
ab initio multiple spawning method,®® ab initio non-adiabatic dynamics simulations have
become the standard approach for studying comprehensive photoreaction mechanisms,
and stilbene, a benchmark molecule for photoisomerization reactions, has been
thoroughly investigated.>>-%® Since the only information required for ReSPer analysis is
molecular structure data, it is straightforward to apply ReSPer to classical trajectory-based
non-adiabatic MD approaches. Several automated approaches have been presented that
systematically search for minimum energy crossing points® and intersection seam'®"!
according to the topology of two adiabatic PES, allowing the discovery of complex
photochemical reaction processes without prior knowledge. The latter uses meta-
dynamics to efficiently sample seam regions, depending on the definition of the collective
variables. In the future, we plan to apply the ReSPer method to provide representative

reaction coordinates as collective variables.
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4.5. Reaction Space Analysis for Stilbene and Dimethyl-stilbene

Finally, differences in excited-state reaction dynamics between cis-stilbene (SB) and 1,1'-
dimethyl-cis-stilbene (dMSB) were examined based on a common reduced-dimensionality
reaction space. Previous studies have compared these photoreaction mechanisms based
on a common subspace determined by two internal coordinates.”®* Such dimensionality
reduction is feasible for molecular systems with different numbers of atoms, but requires
chemical intuition for the proper choice of internal coordinates. On the other hand, the
ReSPer approach using the CMDS method provides a unique principal coordinate for
determining the reduced dimension, but the definition of the Euclidean distance limits its

application to molecular systems with the same number of atoms.

To overcome this problem, we focused on the common part of SB and dmSB. In
this study, we defined the C1sH1o part consisting of the central C=C part and two phenyl
groups as the framework, and generated a reduced-dimensionality reaction space
determined from the C14H1o framework structure with seven minima: So-MINgis, S1-MINpwp,
and S+-MINwist for SB and dmSB, and S4-MIN¢s for dmSB only. Figure 6a shows the
excited-state reaction space determined by the framework structures of the seven minima
for SB and dmSB, with a cumulated proportion of 0.969. As shown in Fig. 6a, the structural
changes along PCo1 are mainly related to isomerization between DHP and twist forms on
S+-PES, while PCo2 clearly disperses the FC points (So-MINis) of SB and dmSB. It is
noteworthy that only dmSB has a cis-form in the S1 state that is close to the So-MIN;s of
SB.
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Figure 6. Two-dimensional excited-state reaction space determined from the
common framework parts of the reference structures for stilbene (SB) and 1,1'-
dimethyl-stilbene (dmSB) and the on-the-fly trajectories projected onto the common
excited-state reaction space. (a) Two-dimensional excited-state reaction space
determined from the common framework part of the seven minima of SB and dmSB. (b)
Three molecular structures of the cis-form distributed by PCo2 in Fig. 6a. Non-common

parts are shown in light green. (c-d) Typical trajectories of SB toward S1-MINpxe and S+-
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MINuwist, respectively. (e-f) Typical trajectories of dmSB toward S1-MINprp and S1-MINwist,
respectively. Note that in (c-f), only the corresponding reference structures are plotted.
Trajectories are indicated by blue lines, and initial points and the vicinity of the CI (denoted
Near Cl) are indicated by crosses. The color maps show the potential energy with respect
to So-MIN¢ans for both the reaction route map and the on-the-fly trajectories, where the

ranges are suitable for the reference structures.

The differences between the three cis-form structures (So-MIN.s of SB and Se-
MIN¢is and S4-MIN¢;s of dmSB) distributed in the PCo2 direction help us better understand
the differences between the excited-state PES of SB and dmSB. Figure 6b shows these
three cis-form structures from two different directions. The major difference between the
So-MINcis of SB and dmSB is the relative orientation of the two phenyl groups: in SB, they
are oriented nearly parallel to the plane consisting of C3-C1-C2-C4, while in dmSB, they
are not. In the S1-MINg;s of dmSB, this orientation is similar to that of the So-MIN;s of SB,
supporting the relative positions of the three cis-form structures shown in Fig. 6a. In
previous studies, a common two-dimensional subspace was defined by the two internal
coordinates summarized in Table 1, and differences in excited-state reaction dynamics
were discussed.”®’* However, the structural differences between the So-MINg;s of SB and
the So-MINgs of dmSB, which correspond to FC points on the S+-PES, could not be
described due to insufficient description by internal coordinates. The advantage of the
ReSPer analysis is that it provides a flexible understanding of the structural features of
different molecular systems by extracting the principal coordinates determined from the

distance matrices associated with the partial framework structures.

Table 1. Principal coordinates PCos (in A amu'?), C5-C6 interatomic distances rcsce (in
A), and C3-C1-C2-C4 torsion angles dcsciczca (in degrees) for the seven original structures

shown in Fig. 6a. The numbering of the atoms is shown in Fig. 6b.

PCo1 PCo2 resce dcacicoca
[dmSB] S1-MINpHp -6.73 -0.99 2.06 17.06
[SB] Si-MINpkp 6.16 184 2.09 17.88
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[dMSB] So-MINis -2.58 4.71 3.42 8.20

[dMSB] S1-MINgs -0.94 -0.02 2.93 50.82
[SB] So-MINGis 0.61 -1.27 3.21 7.30
[dMSB] S+-MINgist 6.75 -0.15 3.84 103.12
[SB] S+-MINgist 9.05 -0.45 4.14 112.83

To compare the excited-state dynamics of cis-SB and cis-dmSB, the reaction paths
and on-the-fly trajectories were projected onto a common reaction subspace (Fig. 6a)
using out-of-sample techniques.*?*° Figures 6¢ and 6d show the reduced-dimensionality
excited-state reaction subspace of cis-SB and two typical trajectories proceeding to the
DHP and twist regions. Similarly, Figs. 6e and 6f are for cis-dmSB. Note that the reaction
paths and on-the-fly trajectories are embedded in a two-dimensional subspace predefined
by the seven original structures shown in Fig. 6a, and only the corresponding original
structures are plotted in Figs. 6¢-f. It has been reported that in the early stages of excited-
state dynamics, cis-SB takes longer to form DHP-SB because the rapid rotation around
the C=C bond stimulates molecular vibrations perpendicular to the direction of C-C bond
formation.” Figures 6¢ and 6d show well the trend of the excited-state dynamics of cis-
SB. On the other hand, it has been reported that cis-dmSB prefers to form a new C-C
bond to become a DHP-form rather than to become a twist-form by rotation around the
C=C bond.”™ From the ReSPer results in Figs. 6e and 6f, the initial dynamic behavior of
cis-dmSB after TrT* excitation is expected to reorient the two phenyl rings along the meta-
IRC from the FC structure of So-MIN;s, strongly correlated with the PCo2 change. This
trend supports the predominance of DHP-form formation. In order to form the twist-form,
it is necessary to cross the vicinity of the S1-MINg;s, with an opening already at the two
phenyl groups, away from the meta-IRC. From the above discussion, it is clear that even
different molecular systems can be compared in terms of PES morphology and reaction
dynamics by constructing a common reaction subspace based on the partial framework

structure.

5. Conclusion

26



Cis-stilbene is known to undergo both cis-trans photoisomerization and photocyclization
after TrT* excitation, and the mechanism of relaxation from the excited state to the ground
state is of great experimental and theoretical interest. The excited-state dynamics of cis-
stilbene and its derivatives have been discussed based on a projection onto a two-
dimensional reaction subspace defined by two internal coordinates that characterize the
structural changes to each product. However, this two-dimensional subspace is not unique,
since the choice of internal coordinates depends on chemical intuition. To avoid such
ambiguity, we applied the Reaction Space Projector (ReSPer) method to construct a
reduced-dimensionality reaction route map defined by mathematically selected principal
coordinates by means of the classical multidimensional scaling (CMDS) method, one of

the dimensionality reduction methods.

The two-dimensional reaction space of the ground and excited states constructed
by ReSPer was a good representation of the cis-trans photoisomerization and
photocyclization reactions. Each principal coordinate was correlated with the torsional
angle around the central C=C bond, as well as with the structural flatness of the ethylene
moiety and the two phenyl groups. For a comprehensive analysis of the photochemical
reaction process, a multi-state reaction space was constructed from the data set of ground
and excited-state molecular structures and reaction paths. As a useful concept, a multi-
state energy landscape was presented by adding a third axis of relative potential energy
to the two-dimensional multi-state reaction subspace, and dynamic reaction routes
including non-radiative decay were discussed based on the multi-state energy landscape.
These results indicate that the ReSPer analysis provides comprehensive chemical insight
into photochemical reaction processes based on the morphology of the potential energy

surface in both excited and ground states.

To compare the differences in excited-state reaction dynamics between stilbene

(SB) and 1,1'-dimethylstilbene (dmSB), the excited-state reaction space was defined by a
partial framework structure common to SB and dmSB. In this study, C14H10, consisting of
a central C=C part and two phenyl groups, was selected as the framework part. By defining
the reaction subspace in this way, it became possible to embed different molecular
systems in the same coordinate space. These analyses revealed that the Franck-Condon
point of cis-dmSB differs significantly from that of cis-SB, although the other reference
structures of dmSB are located near the reference structure of SB on the two-dimensional
27



common reaction space. The morphological features in these excited states were

qualitatively consistent with the trends in excited state dynamics.

ReSPer analysis successfully constructs not only single-state reduced-
dimensionally reaction spaces, but also multi-state reaction spaces without prior
knowledge of the chemical reaction under investigation. Multi-state analysis provides a
comprehensive strategy for investigating the dynamics of complex photochemical
reactions based on ground and excited-state PES. The multi-state energy landscape,
which includes reaction paths, especially meta-IRCs of both ground and excited states,
reveals the correspondence between the morphology of PES and the behavior of chemical
reaction dynamics. The ReSPer method will be useful in elucidating photochemical

reaction mechanisms that are sensitively controlled by the multi-state PES morphology.
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