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ABSTRACT

A methodology to analyze a trajectory on-the-fly (TOF) based on a global reaction route map
consisting of intrinsic reaction coordinate (IRC) pathways is proposed. By using the distance
functions in the configurational space, the location of each point on trajectories is detected,
providing a dynamical picture that the molecular system goes over several minima and transition
states in the reaction path network. In the application to structural transformations of Aus cluster, a
variety of reaction routes are obtained, and the hopping from one IRC to the other IRC (IRC-jump)
is analyzed. The branching of trajectories over many minima on the potential energy surface via

valley-ridge transition points is also discussed.
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L. INTRODUCTION

In last two decades, the trajectory on-the-fly molecular dynamics (TOF-MD) such as ab
initio molecular dynamics (AIMD)!?* and Car-Parrinello Molecular dynamics* without potential
functions has become one of standard quantum chemical approaches to examine reaction
mechanisms and dynamics of various types of chemical reactions. TOF-MD is a full-dimensional
classical trajectory method which uses atomic forces derived from a wave function theory!3 or a
density functional theory (DFT)* calculation, and thus the molecular system could reach several
isomer structures or dissociated fragments within a given energy. In TOF-MD simulations, one can
examine reaction dynamics of the molecules without any assumption for reaction pathways and
products, which could provide knowledge about the significant internal degrees of freedom and
unknown reaction pathways. The target of TOF-MD is now extended to photo-reactions such as a
photoisomerization or an ultrafast relaxation process of excited-molecules.3

In quantum chemical study for reactions, an intrinsic reaction coordinate (IRC)*!? is a
useful concept to describe the reaction pathway for an elementary reaction. The IRC is defined as a
minimum energy pathway in mass-weighted coordinates, which connects one transition state (TS)
and two minima (MINs) on a potential energy surface (PES). The changes of the molecular structure
and adiabatic potential energy along the IRC pathway can provide an intuitive picture of the reaction
process, and also variations of the electronic wavefunction along the pathway provides insights to
the reaction mechanism. In the actual reactions, however, the molecule with a kinetic energy can
deviate from the IRC pathway.>!"" In the TOF-MD simulations, one can examine dynamical effects
such as a centrifugal force due to a path curvature and a branching of the products. In a previous
study, one of the authors proposed a method to analyze a trace of the AIMD trajectory based on a
single IRC pathway where the trajectory is represented by a reaction coordinate, a curvature

coordinate, and a deviation from the two-dimensional reaction plane along the IRC pathway.'?!3



In 2004, Ohno and Maeda proposed an automated reaction path search method,' referred
to as anharmonic downward distortion following (ADDF),'51¢ which can locate transition state
geometries systematically from a given minimum based on a geometrical feature of the PES. A
combined use of ADDF and IRC computations lead to the concept of an automated reaction path
search that can generate a global reaction route map for a given molecular system. Such an approach
makes it possible to predict new reaction pathways without any assumptions on the reaction
mechanism. Recently, the single component - artificial force induced reaction (SC-AFIR) method
has been developed as an efficient reaction-path search method, and been used in many
applications.'®!” The recent development in an automated reaction path search method is reviewed in
ref 17.

In this study, we propose a novel methodology to analyze TOF based on a global reaction
route map generated by ADDF and IRC computations. The global reaction route map provides a
static information of the reaction pathways on the PES, while TOF can go around over the global
reaction route map dynamically. Through the present analyses, one can discuss dynamical aspect of
the reaction routes based on the static reaction-path network. The analyses were applied to structural
transformations of a small gold cluster, Aus, for which we reported detailed analyses of a global
reaction route map,'® including branching pathways caused by a valley-ridge transition (VRT) points

on the IRC.19:20



II. METHODOLOGY

First, a global reaction route map is generated by ADDF and IRC computations for a given
molecular system. Second, TOF-MD simulations are executed at the same computational level,
which provide a bunch of trajectories on the full-dimensional PES. In TOF-MD simulations, a
specific reaction is not assumed and all degrees of freedom are taken into account automatically, and
thus various reactions can occur within a given energy. Third, the TOF is analyzed based on the
global reaction route map. To map the TOF into the IRC pathways, we introduce a distance function,
di(t), defined as

di(t) = [ x"O7(t) — xi"*| )

where xT9(t) and xi'®¢ denote 3N-dimensional mass-weighted Cartesian coordinates for a point on
the TOF at a time t (x"°F(t)) and the ith reference point on the IRC networks (xi'R¢), respectively, for
an N atomic system. When calculating di(t) in Eq. (1), the origin of the coordinate system is set to the
center of mass, and the x-y-z coordinate axes for x °f(t) and x{'"®C are determined so as to minimize
di(t), using the Kabsch algorithm.?! For a given point x'°F(t), the point xi'®“ with the smallest di(t) is
regarded as the closest IRC point (referred to as x'RS(t)), and the smallest di(t) is referred to as d(t) as
a distance from the IRC path. According to this analysis, one can discuss the situation where the
molecule jumps from one IRC to another IRC during the structural transformations. Figure 1 shows
a schematic picture where a TOF runs over the reaction route map. In this case the molecule jumps

from the IRC that connects TS0 and MINO to the other IRC that connects TS1 and MIN1.



Trajectory on-the-fly
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Figure 1. A schematic illustration of a TOF that jumps from one IRC to another IRC.

As the number of reference points on the IRC pathways increases, the present analyses
become more informative, and simultaneously complicated. If one wants to discuss the branching
ratio over a lot of product minima, it is sufficient to include only minima as reference points, and
there are similar approaches in the molecular dynamics field which considers only minima. If one
wants to discuss reaction dynamics relative to the IRC pathways, several points along the IRC
pathways should be included as reference points. In the present application to Aus, we included not
only minima but also TSs and VRT points as reference points.

In the global reaction route map determined by ADDF and IRC computations, the
respective minima and TS structures are distinguished by a set of interatomic distances, and thus
nuclear permutation-inversion (NPI) isomers are not distinguished each other because these isomers
have the same set of interatomic distances. In TOF-MD simulations, however, these NPI isomers
should appear as different structures in a configurational space. To discuss the branching process

over NPI isomers, we need to distinguish the NPI-isomers.?223



II1. RESULTS AND DISCUSSION
III-A. The global reaction route map for Aus cluster

Very recently, we reported'® a global reaction route map for Aus, generated by a combined
use of ADDF and IRC computations based on DFT calculations with Perdew-Burke-Ernzerhof
(PBE) functionals and LanL2DZ basis sets, using Gaussian09?* and the developmental version of
GRRM.* Figure 2 shows the global reaction route map for Aus where five MINs (MINi; i = 1~5)
are connected via 14 TSs (TSi-j which connects MINi and MINj). Among 14 TSs, seven TSs are
categorized as TSi-i that connects two NPI isomers of MINi, indicated by a double line between
MINi and TSi-i. The global minimum, MIN1, is connected with nine TSs, consisting of four TSi-i
(TS1-1a, TS1-1b, TS1-1c, TS1-1d) and five TSi-j (TS1-2, TS1-3a, TS1-3b, TS1-4, TS1-5). It is
noted that TS1-3a and TS1-3b are independent transition states that connect MIN1 and MIN3. As
shown in Fig. 2, most MINs and TSs have a planar structure due to a relativistic effect of gold
atoms,?® and only MIN4, TS1-1d, TS1-4, TS4-4, and TS5-5 have a non-planar geometry.

In Fig. 2, geometries at the valley-ridge transition (VRT) points are also shown in a black
square.'® The VRT points are related to a bifurcation of the reaction pathway where the pathway of a
valley nature on the PES branches into two valleys due to valley-ridge transition along the IRC
pathway.?-3* Of course, the IRC pathway itself cannot bifurcate on the way by its definition as a
steepest descent path, and one can recognize only an appearance of a VRT point by the vibrational
analyses of the transverse normal modes along the IRC pathways. Recently, we discovered that
appearance of the VRT point is a sign of the existence of the TS that connects two branching product
minima; this finding was confirmed by TOF-MD simulations.!® In an Aus case, we located five
VRTs (VRTi; i =1 ~ 5) where VRT1, VRT2, VRT3, VRT4, and VRT5 correspond to TS1-1b, TS1-1c,

TS5-5, TS3-3, and TS3-3, respectively.



MINS C,

MIN3 C,

MIN2 Dy,

MINS €y,

TS1-1d €,
]

[ s—.I
L

0.8

[~ =

18.8

Figure 2. The global reaction route map of Aus in Ref. 18. Five MINs (in red square) and 14 TSs (in
blue circle) are connected by the IRC pathways. The point group and relative energy (in kcal/mol)
are given for each structure. Five valley-ridge transition (VRT) points (in black square) are also

shown.

As mentioned above, NPI isomers are not distinguished in the global reaction route map in
Fig. 2. In the case of an Aus cluster, the number of the NPI isomers of the C; structure (TS1-4) is 240
(= 2 x 5!). This number is reduced to 120 for the Cs and C, structures (MIN3, MINS5, TS1-1d,
TS1-3a, TS1-3b, TS1-5, TS2-5, TS3-3, TS3-5, TS5-5), 60 for the Cyy structure (MIN1, MIN4,
TS1-1a, TS1-1b, TS1-1¢c, TS1-2, TS4-4), and 30 for the Dy structure (MIN2). The respective NPI
isomers of MIN1 could be transformed each other in a configurational space. As shown in Fig. 2,

there are four TSs which connect NPI isomers of MIN1 each other, i.e., TS1-1a (the activation



barrier = 3.8 kcal/mol), TS1-1b (13.7 kcal/mol), TS1-1¢ (16.9 kcal/mol), and TS1-1d (20.8 kcal/mol).
Figure 3 shows the NPI isomers connected by the respective TSs. As shown here, five NPI isomers
are connected through a structural transformation via TS1-1a, indicating that 60 NPI isomers of
MINT1 are divided to 12 groups (60/5 = 12). In the same way, four, six, and two NPI isomers of
MIN1 are connected via TS1-b, TS1-1¢ and TS1-1d, respectively. 60 NPI isomers of MINI are
completely connected by a combination of two sets of TSs as (TS1-1a and TS1-1b), (TS1-1a and
TS1-1c), (TS1-1a and TS1-1d) and (TS1-1b and TS1-1c), while in the combination of TS1-1b and
TS1-1d, only 12 NPI isomers are connected with each other. Two NPI isomers connected by TS1-1d

are included in six NPI isomers connected by TS1-1c.

(a) The connectivity of TS1-1a (b) The connectivity of TS1-1b
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Figure 3. The NPI isomers of MIN1 connected via (a) TS1-1a, (b) TS1-1b, (c) TS1-1c, and (d)

TS1-1d.

Here, we further consider the structural transformations of MIN1 through TS1-1d in Fig.



3d. TS1-1d has a non-planar geometry where an Au atom is attached to the top of a pyramidal
structure of Auy. The bottom of the Aus pyramid is not an equilateral triangle but an isosceles
triangle, and thus a point group of TS1-1d is not Csy but Cs symmetry. Since three different isosceles
triangles are possible around an equilateral triangle, there are three NPI isomers of TS1-1d which are
lying closely to each other, and there are six NPI isomers of MIN1 connected by these three TS1-1d.
Figure 4 shows a connectivity relation of these three TS1-1d and six MIN1.1® As shown here, MIN1
and MIN1" are connected via TS1-1b that is located near VRT1 and VRT1" (in the same way, MIN1'
and MIN1"™ are connected via TS1-1b', and MIN1"" and MIN1™" are connected via TS1-1b"). Let’s
consider the Csy structure located at the central region of three NPI isomers of TSI1-1d of C;
symmetry in a configuration space. At this Cs, structure, the highest occupied molecular orbital
(HOMO) corresponds to a singly-occupied molecular orbital (SOMO) of e representation. Since a
spin multiplicity of Aus is doublet, the electronic term of this Csy structure is 2E, which is a
doubly-degenerate state (corresponding to a conical intersection (CI) of the ground and first-excited
states). It is well known that a nonlinear molecule in a degenerate electronic state loses geometrical
symmetry by the first-order Jahn-Teller effect, by which the degenerated electronic states are split
out (the symmetry of the molecular structure is reduced from Csy to Cs in the present case). The
energy of the CI (Csy) was calculated to be 3.4 kcal/mol higher than TS1-1d (C;), indicating that the

PES is flat in the region connecting TS1-1d, TS1-1d', and TS1-1d".
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Figure 4. A schematic connectivity of TS1-1d (TS1-1d, TS1-1d', TS1-1d"; denoted by a cross mark),
MINI (MIN1, MIN1', MIN1", MIN1", MIN1"™, MIN1""; denoted by a black circle), TS1-1b
(TS1-1b, TS1-1b', TS1-1b"; denoted by a cross mark), VRT1 (VRT1, VRT1', VRT1", VRT1",

VRT1™, VRT1""; denoted by a blue circle), and CI (denoted by a triangle).
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II1-B. TOF-MD simulation

Next, we carried out the TOF analyses for Aus based on the global reaction route map. The
TOF-MD simulations were performed for the structural transformations of Aus at the PBE/LanL.2DZ
level, using the SPPR program.’® The time step was set to 5 fs (determined through preliminary
calculations by checking the total energy conservation), and 200 trajectories were run over 3 ps. As
shown in Fig. 2, the global minimum MINT1 is connected with nine TSs where only two TSs (TS1-1d
and TS1-4) have a non-planar geometry and the IRC pathways from TS1-3b, TS1-5, and TS1-1d
accompany a VRT nature. Taking into account these features, TOF-MD simulations were started
from TS1-1d with a kinetic energy of 5 kcal/mol where the initial velocity direction was chosen
randomly in 3N-6 internal coordinates (N denotes the number of atoms). Since the energy level of
TS1-1d is relatively high (20.8 kcal/mol), TOF can explore the potential energy surface in a wide
region. When the molecular system has a small kinetic energy at TS, a trajectory starting from a TS
has a tendency to follow the IRC pathway, reaching the minima connected by the IRC. As shown in
Fig. 4, however, three TSs (TS1-1d, TS1-1d', TS1-1d") are lying very closely to each other in a
configuration space, and thus, some trajectories possibly jump to the other IRCs in the initial stage,
reaching not only MIN1 or MIN1', but also MIN1", MIN1", MIN1™, or MIN1"". Such a jump from
one IRC to the other IRC could not be considered in a static analysis of the reaction route network,
and can be examined only through a dynamics simulation. In recent works, Martinez-Nufiez
analyzed the accelerated dynamics simulations results using spectral graph theory to obtain
stationary points, and observed the IRC jumps which was the basis for obtaining transition states of
bimolecular reactions.¢37

The TOF was analyzed based on a distance function, di(t) in Eq. (1), which measures a
spatial distance from each NPI isomer of the reference structures, i.e., five minima, 14 TSs, and one

VRT (VRT1 with C; symmetry) of Aus. In total, the number of the reference structures is 20, and the

11



number of the reference points (= the NPI isomers of the reference structures) amounts to 2130 (=
240 x 2+ 120 x 10 + 60 x 7 + 30). Using the distance functions, the branching of trajectories over
the reference points, as well as the Aus structural transformations over several different structures,
can be discussed. The procedure to choose the closest reference structure x'*¢(t) and to evaluate a

distance function d(t) is as follows:

(1) At each point on the TOF, distance functions are evaluated for all reference points.
(2) For each reference structure, the NPI isomer that gives the smallest distance is assigned.
(3) The reference structure that gives the smallest distance is chosen as the closest reference

structure.

In this analysis, reference structures could be added as much as one likes. As the number of the
reference structures increases, one can get a more detailed information about the dynamics from the
TOF.

Hence, we start discussions of the TOF-MD results for Aus. As expected, some trajectories
show one or more hopping over TS1-1d, TS1-1d', and TS1-1d" in the initial stage. According to the
number of the initial hopping, the trajectories are classified to five cases: (A) no hopping (96
trajectories); (B) one hopping (74 trajectories); (C) two hopping (23 trajectories); (D) three hopping
(6 trajectories); (E) four hopping (1 trajectory). Thus, almost half trajectories (96/200) go down on
the PES along the IRC without hopping, while the remaining half trajectories (104/200) show
hopping over TS1-1d, TS1-1d', and TS1-1d" before going down. Figure 5 shows schematic pictures
for the initial routes from TS1-1d to VRT1 in the TOF in cases of (A) no hopping (96/200) and (B)
one hopping (74/200), where the positions of the respective reference points are indicated in the
same way as in Fig. 4. In a case of (A), most trajectories reach VRT1 or VRT1' which are located on

the IRC (86/96; orange line), while a small number of trajectories reach VRT1" or VRT1" (7/96;

12



blue line). This branching indicates that the molecular system (Aus) jumps from the IRC to the next
IRC while descending on the PES, and such a behavior is expected from a bifurcating nature of the
IRC with VRT. The branching ratio was estimated to be 7/86 (~0.08). The only one trajectory
reaches VRT1"™ (1/96; green line) which is lying in the other side of VRT1" on the next IRC. There
are also two exceptional trajectories that directly reach the other stationary points, MIN3 and TS1-4,
without through VRT1 (2/96; purple and red lines). In a case of (B), the trajectories initially hop
from TS1-1d to TS1-1d' (37/74) or TS1-1d" (37/74), and then descend on the PES along the IRC
pathway. When hopping to TS1-1d', most trajectories descend toward VRT1" (26/37) while a very
small number of trajectories go toward VRT1"" (2/37). In the same way, when hopping to TS1-1d",
most trajectories descend toward VRT1"™ (26/37) while eight trajectories go toward VRT1"" (8/37).
The larger rate of VRT1" and VRT1™ can be intuitively understood by considering that they are
located in the nearer region from the original IRC passing through TS1-1d. There are a small number

of trajectories from TS1-1d' to VRT1 and from TS1-1d" to VRT1' or VRT1.

(A) No hopping (96/200) (B) One hopping (74/200)

(A)-2: 6/96

(B)-1:8/74

(B)-1:26/74

(A)-1:42/96 (A)-3:1/96 (B)-2:2/74

(VvrRTI™] [ vRTI' |

(B)-1: 2/74

(A)2:1/96 (B)-3:1/74 |

(B)-1:26/74

(A)-4 - 1/96 Ay
MIN3 J[ VRT1 ] 4496

Figure 5. Schematic pictures for the initial routes from TS1-1d to VRT1 in the TOF in cases of (A)

no hopping and (B) one hopping over TS1-1d, TS1-1d', and TS1-1d".
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Figure 6 shows a dendrogram of 200 trajectories from TS1-1d until reaching VRT1 where
TS1-1d(n) denotes TS1-1d after the nth hopping over TS1-1d, TS1-1d', and TS1-1d". The number of
trajectories and the averaged time to reach VRT1 for the detailed routes are also shown in
parentheses. Hence, VRT1irc denotes VRT1 directly connected with the latest TS1-1d (TS1-1d,
TS1-1d', or TS1-1d"), VRT Ipirur denotes VRT1 located on the IRC next to that with VRT1rc, and
VRT1omer denotes VRT1 on the IRC in the other side of those with VRT1rc and VRT lpifyr. In total,
175 trajectories reach VRT 1irc, 21 trajectories reach VRT lpifur, and two trajectories reach VRT 1other,
and thus, the branching ratio for VRT lpifu/ VRT 1irc 1s 21/175 (~0.12) which is larger than the rate
for no hopping case (7/86). As the number of hopping increases, the averaged time to reach VRT 11rc
also increases as 342 fs (no hopping), 453 fs (n=1), 583 fs (n =2), 1055 fs (n=3), and 1245 fs (n =
4). It is interesting to note that, for no hopping and one hopping cases, the molecular system reaches

VRT lpifur and VRT 1oer faster than VRT 11rc on average

VRTlpe (A1 (86, 342fs)

VRT 15, (A)-2 (7, 309f1s)
VRT e (A3 (1, 225f5)
MIN3 A4 (1, - )
TSI4 (A)S (1, - )

VRTlee  (B)1 (62, 453 fs)
TSI-1d(1) | VRTl,,  (B)2 (11, 323fs)
VRTI (B)-3 (1, 225f5)

VRTle.  (C)-1 (20, 583 fs)

TS1-1d(0)

other

TS1-1d(1)  TSI-1d(2)

VRTl, ~ (O)-2 (3, 700 fs)
CTSI-1d(1) — TS1-1d(2) — TS1-1d(3) — VRTI e (D) (6, 1055 fs)
TS1-1d(1)  TSI1-1d(2)  TSI-1d(3) | TSI-1d4) | VRTl e (E) (1, 1245 fs)

Figure 6. A dendrogram of 200 trajectories that start from TS1-1d and reach VRT1 where TS1-1d(n)

denotes TS1-1d after the nth hopping over TS1-1d, TS1-1d', and TS1-1d". For the respective routes,
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the number of trajectories and the average time to reach VRT1 are given in parentheses.

We move to discussions of traces of TOF over 3 ps. As described above, distance functions
with 2130 reference points were calculated for 601 points of each TOF (every 5 fs over 3 ps), and
variations of distance functions with 20 reference structures were plotted as a function of time for
200 trajectories. Figure 7 shows six patterns of variations of distance functions along the TOF, as
examples. In all cases, trajectories start from TS1-1d, and thus, a distance from TS1-1d is zero at t =
0 fs. In Fig. 7(a), the trajectory descends on the PES along the IRC, and reaches VRT1 at t ~ 500 fs.
Then, it goes through TS1-1b which is located near VRT1, and succeedingly reaches MIN1 at t ~
1200 fs. This is the most typical route, which was observed in 86 trajectories. After that, the
trajectory shows continuous structural transformations among NPI isomers of MIN1 via TS1-1a with
the lowest barrier height (~ 3.8 kcal/mol). Figure 7(b) shows the trajectory which proceeds as similar
to the case (a) until reaching MIN1, but later it reaches MIN2 at t ~ 2500 fs via TS1-2. Among 200
trajectories, the number of trajectories reaching MINn within 3 psis 192 (n=1),5 (n=2), 1 (n=3),
0 (n=4), and 0 (n = 5). The small numbers in trajectories reaching MIN2 ~ MINS5 are due to the
insufficient energy of the molecular system (Aus) in the present simulation. In Fig. 7(c), the
trajectory shows non-planar motion throughout, and attempts to go over TS1-4 twice, but it does not
reach MIN4. In Fig. 7(d), the trajectory wanders around TS1-1d with four-times hopping over
TS1-1d, TS1-1d', and TS1-1d", and reaches the NPI isomer of TS1-1d other than TS1-1d, TS1-1d',
and TS1-1d" (referred to as TS1-1douside) Via VRT1 and TS1-1b (denoted as VRT1/TS1-1b); it does
not reach MIN1 during 3 ps. Figure 7(e) and 7(f) show a very rare case where the trajectory
approaches MIN3 and TS1-4, respectively, from TS1-1d directly (not via VRT1/TS1-1b), which

correspond to (A)-4 and (A)-5, respectively, in Fig. 6.
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Figure 7. Variations of distance functions with reference structures as a function of time, for six

trajectories.

Figure 8 shows a schematic picture of TOF routes from TS1-1d to MINI via
VRT1/TS1-1b. As discussed above, only two trajectories do not go through VRT1/TS1-1b, so the
routes of 198 trajectories are shown here. After passing VRT1/TS1-1b, trajectories approach to seven

different reference structures: (F) MIN1 (86/198), (G) TS1-3a (62/198), (H) TS1-1doutsidze (22/198),
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(I) TS1-1a (16/198), (J) TS1-2 (7/198), (K) TS1-4 (4/198), (L) TS1-3b (1/198). In cases of (H) (7/22)
and (L) (1/1), trajectories do not reach MIN1 during 3 ps. More detailed routes from VRT1/TS1-1b

to MINT1 for cases of (F) ~ (K) are described in Supporting Information.

(G)-1~4 : 62/198 (I)-1~2 : 16/198

MIN1
| TS1-3b

(L) : 1/198

VRTI
198200\ TS1-1b
(K)-1~2 : 4/198

TS1-1d (H)-1~7 : 22/198

Figure 8. A schematic picture for the TOF routes from TS1-1d to MIN1 via VRT1/TS1-1b. In total

(F) : 86/198

(I): 7/198

198 trajectories go through VRT1/TS1-1b. There are seven different routes, (F) ~ (L). The number of

trajectories going through each route is also given.

All the TOF routes from TS1-1d to the first arrival of MIN1 are summarized in a
dendrogram in Figure 9. For the respective routes, the number of trajectories and an average time to
reach MIN1 are given in parentheses. As shown here, the routes of trajectories are classified into 20
patterns, and eight trajectories do not reach MIN1 during 3 ps. Most trajectories (198/200) go down
along the IRC via VRT1/TS1-1b, but before reaching MIN1 the trajectories show a variety of routes

going through several TSs (IRCs). Such a behavior could be classified to IRC-jump routes, caused
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by the existence of closely-lying reaction path networks in the configurational space. The existence
of such a closely-lying reaction paths sometimes appear as a VRT feature in the IRC pathway.

TOF-MD is a powerful tool to detect such a feature of the global reaction route map.

MINI (F) (86, 1058 fs)
MINI (G)-1 (51, 9951s)
MINI (G)-2 ( 7,1436 fs)
TS1-3a VRT1/TS1-1b
TSI-1a MINI (G)-3 ( 3,18751s)
TSI1-2 MINI (G)-4 (1, 900 fs)
MINI (H)-1 ( 7,2484 fs)
TS1-l1a MINI (H)-2 (1, 2445 fs)
VRTI/TS1-1b MINI (H)-3 ( 3,23351%)
TSI1-3a
VRT1/TSI-1b MINI (H)-4 ( 1, 2505 fs)
VRTI/TS1-1b
TS1-1d 0 Not reach MIN1 (H-5(6, - )
TS1-4 TSI1-la MIN1 (H)-6 ( 3,19151s)
Not reach MIN|1 (H:-7(1, - )
MIN1 (D-1 (13,1777 fs)
TS1-la
TS1-4 TSI-1a MINI (D-2 ( 3,15151fs)
TS1-1d TS1-2 MIN1 0 (7, 986fs)
MINI (K)-1 (1, 1485 fs)
TS1-4
TSI-la MINI (K)-2 ( 3,2170fs)
TS1-3b — VRTUTSI-1b - TS1-1d,, 4. VRTI/TSI-1b— Not reach MIN1 L 1, - )
MIN3 TS3-3  TSl-ldy VRTUTSI-Ib  TSl-la MINI (M)-1 ( 1,2370 fs)
TS1-4 MINI (M)-2 ( 1, 735fs)

Figure 9. A dendrogram of 200 trajectories that start from TS1-1d and reach MINI1: (F)
VRT1/TS1-1b — MINI1; (G) VRT1/TS1-1b — TS1-3a; (H) VRT1/TS1-1b — TS1-1douside; (I)
VRT1/TS1-1b — TSI-1a; (J) VRT1/TS1-1b — TS1-2; (K) VRT1/TS1-1b — TS1-4; (L)
VRT1/TS1-1b — TS1-3b; (M) not through VRT1/TS1-1b. For the respective routes, the number of

trajectories and an average time to reach MIN1 are given in parentheses.
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IV. CONCLUDING REMARKS

In the present paper, we propose a new methodology to analyze TOF based on a global
reaction route map. The procedure is very simple, in which a distance function was evaluated for a
given molecular geometry and the reference points on the reaction pathways in 3N-dimensional
mass-weighted coordinates, and trajectories were mapped on the IRC networks based on the distance
functions. The proposed analyses were applied to structural transformations of Aus where not only
minima but also TSs and VRTs are included as the reference structures. The global reaction route
map for Aus includes 14 IRCs and 5 VRT points, and the respective reference structures have 240
NPI isomers in a case of C; symmetry. The trajectories starting from TS1-1d show a variety of
branches over a lot of minima, and also 20 different reaction routes to minima are detected. A feature
of IRC-jump was also observed in many trajectories.

In general, as the molecular system gets a higher energy, the movement of each atom in the
molecular system could be deviated far from the IRC pathway, because the contribution from the
kinetic energy increases more and more. Thus, in a high-energy dynamics, the IRC pathway will lose
the role of a reference reaction pathway, but TOF itself is accurate even in such a high-energy
situation. The present analysis is just to map the TOF on the global reaction route map, so the
analysis provides a physical insight to dynamics even in a high-energy region, although the
observation of the IRC-jump will increase. Further applications of the TOF-MD analysis are now in

progress in our group.
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