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Abstract Appearance of the valley-ridge inflection (VRI)

point on the intrinsic reaction path (IRP) introduces geo-

metrical instability of the reaction coordinate and some-

times leads to two different product minima on the

potential energy surface (PES). A significant role of the

totally symmetric VRI point on the IRP is discussed from

the viewpoint of branching of the reaction pathway. As

illustrative examples, ab initio calculations were performed

to determine the IRP for XCHO- ? CH3Cl (X = H, CH3)

at the Møller–Plesset second-order perturbation theory

(MP2) level with 6-31?G(d) basis sets and geometric

features of the PES around the IRP have been analyzed.
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1 Introduction

Under the Born–Oppenheimer [1] approximation, the pro-

cesses of chemical reactions are described as the motion of

atomic nuclei on the potential energy surface (PES). In

theoretical study of chemical reactions, the concept of

reaction path has played a significant role for understanding

the reaction mechanism. Fukui [2] introduced a mathemat-

ical definition of the reaction path for an elementary reaction

of the polyatomic system, which connects the first-order

saddle point (corresponding to a transition state: TS) and two

minima (corresponding to reactant and product) continu-

ously on the PES. The determined reaction path is referred to

as intrinsic reaction coordinate (IRC) or intrinsic reaction

path (IRP). Once the IRP is determined for a given ele-

mentary reaction, one could estimate the reaction rate by

applying the variational transition state theory with the

semiclassical tunneling method [3, 4]. Miller et al. [5]

introduced the reaction path Hamiltonian for reaction path-

based dynamics, which are represented in terms of a reaction

coordinate, a set of transverse normal coordinates, and their

conjugate momenta.

In the reaction path-based dynamics, there are two cases

where one should explore the PES more extensively far from

the IRP. The first case is a highly curved IRP. When the

IRP is sharply curved in the configurational space, there

increases a curvature coupling between the reaction coor-

dinate and the transverse vibrational coordinate, which leads

to the positive and negative centrifugal forces on atoms. The

positive centrifugal force invokes the excitation of vibra-

tional motions coupled strongly with atomic motions along

the reaction coordinate, while the negative centrifugal force

works to push the optimal tunneling path to the corner-cut-

ting direction from the IRP. As to the former effect, Kato and

Morokuma [6] proposed the method to predict which

vibrational modes are excited through the atomic motions

along the IRP. Truhlar et al. [3, 4] proposed various semi-

classical tunneling models even for the sharply curved IRP.

One of the present authors (TT) also introduced the reaction

surface model in terms of the reaction coordinate and the

curvature coordinate, to determine the optimal tunneling

path for a polyatomic system [7–9].

The second case is related to the instability of a reaction

coordinate. When the potential energy curvature with
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respect to some transverse vibrational coordinate turns its

sign from positive to negative as proceeding along the IRP,

geometrical feature relative to this direction is changed

from the bottom of valley to the top of ridge (this point is

referred to as valley-ridge inflection (VRI) point [10, 11]).

The negative potential energy curvature indicates that

molecular system proceeds along the ridge path (thus, the

reaction coordinate becomes unstable). Since the tangent

vector of the IRP is defined in a direction of the negative

energy gradient, which belongs to the totally symmetric

representation of the molecular point group, the reaction

coordinate is a totally symmetric coordinate at non-sta-

tionary points [12]. According to this property, the reaction

coordinate has no curvature coupling with non-totally

symmetric coordinates, and thus, VRI can be invoked with

respect to the non-totally symmetric vibrational coordinate

(non-totally symmetric VRI) [13]. If a ridge character of

the IRP is conserved even at the terminal point, this ter-

minal point is not a minimum but the TS which connects

two symmetrically equivalent product minima with the

lower symmetry. As to non-totally symmetric VRI, there

have been a lot of theoretical studies, which focus on the

nature of the PES [13–15], formulation of the bifurcating

reaction path [16, 17], analyses based on the second-order

Jahn–Teller (SOJT) theory [18–20], dynamics simulation

[21, 22] and isotope effects on the bifurcating reaction

pathway [22, 23].

In this paper, we focus on the totally symmetric VRI

point, especially its significant role in the branching of

products. In the Sect. 2, we introduce a reaction path-based

potential energy surface and describe that a projection

technique to obtain vibrational frequencies along the IRP

affects only the totally symmetric vibrational modes. In the

Sect. 3, we show illustrative applications to discuss the role

of the totally symmetric VRI in bifurcating reactions.

2 Valley-ridge inflection along the reaction pathway

The IRP is defined as the steepest descent path in mass-

weighted coordinates, starting from TS in both positive and

negative directions of the imaginary-frequency normal

mode [2]. At non-stationary points, the tangent vector of

the IRP, v, is defined by the normalized energy gradient

vector in mass-weighted coordinate as

vðsÞ ¼ gradðVÞ
gradðVÞj j s\0ð Þ; ð1Þ

vðsÞ ¼ �gradðVÞ
gradðVÞj j s [ 0ð Þ; ð2Þ

where s is a reaction coordinate, and V is an adiabatic

potential energy. Along the IRP, we can define a set of

normal mode vectors that correspond to eigenvectors of

the Hessian matrix H(s) in mass-weighted coordinate. If the

molecule has a spatial symmetry, each eigenvector of the

Hessian matrix can be classified according to the irreducible

representations of the molecular point group. Now, we

divide eigenequation of the Hessian matrix into totally

symmetric and non-totally symmetric parts as follows

HðsÞLT
i ðsÞ ¼ kT

i ðsÞLT
i ðsÞ; i ¼ 1; . . .; nTð Þ; ð3Þ

HðsÞLN
i ðsÞ ¼ kN

i ðsÞLN
i ðsÞ; i ¼ 1; . . .; nNð Þ; ð4Þ

where Li
T and Li

N are normal mode vectors of total sym-

metry and non-total symmetry, respectively, ki
T and ki

N are

the corresponding eigenvalues (force constants), and nT and

nN are the number of the modes of total symmetry and non-

total symmetry, respectively. The sum of nT and nN is equal

to 3N - 6 where N is the number of atoms.

In the reaction path-based dynamics for N atomic sys-

tem, nuclear positions are described in terms of a reaction

coordinate and 3N - 7 normal coordinates. To define the

basis vectors for 3N - 7 normal coordinates that are

orthogonal to the reaction path tangent vector, v(s), a

component of v(s) needs to be projected out from the

Hessian matrix. Equation 5 shows a definition of the pro-

jected Hessian matrix [5],

HPðsÞ ¼ 1� vðsÞvðsÞt
� �

HðsÞ 1� vðsÞvðsÞt
� �

: ð5Þ

Since the reaction coordinate belongs to the total-symmetry

representation, only the totally symmetric eigenvectors are

affected by this projection. The eigenequation for totally

symmetric modes in Eq. 3 should be replaced with the

following equations,

HPðsÞLTP
i ðsÞ ¼ kTP

i ðsÞLTP
i ðsÞ; i ¼ 1; . . .; nT � 1ð Þ; ð6Þ

HPðsÞvðsÞ ¼ 0 ð7Þ

In Eq. 6, kTP
i ðsÞ is the potential energy curvature in a

direction of LTP
i ðsÞ, which is orthogonal to the IRP, and the

corresponding vibrational frequency can be calculated in a

unit of wave number as

mTP
i ðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTP

i ðsÞ
q

2pc
; ð8Þ

where c is the speed of light.

Using the basis vectors introduced previously, nuclear

positions can be represented by the reaction coordinate and

3N - 7 normal coordinates, {s, Q1,…,Q3N - 7}. For a

given nuclear configuration X (=3N-dimensional mass-

weighted Cartesian coordinates), one can define the closest

point on the IRP (denoted as XIRP(s)) in the initial step

(simultaneously the reaction coordinate s is determined).

Then, normal coordinates can be determined by the fol-

lowing equations:
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QT;i ¼ LTP
i ðsÞ

t X� XIRPðsÞ
� �

; i ¼ 1; . . .; nT � 1ð Þ; ð9Þ

QN;i ¼ LN
i ðsÞ

t X� XIRPðsÞ
� �

; i ¼ 1; . . .; nNð Þ: ð10Þ

By applying the reverse transformation, nuclear

coordinates can be expressed as follows

X ¼ XIRPðsÞ þ
XnT�1

i¼1

QT;iL
TP
i ðsÞ þ

XnN

i¼1

QN;iL
N
i ðsÞ: ð11Þ

Under the harmonic approximation to directions

orthogonal to the IRP, the potential energy for X can be

written as,

VðXÞ ¼ V IRPðsÞ þ
XnT�1

i¼1

1

2
kTP

i ðsÞQ2
T;i þ

XnN

i¼1

1

2
kN

i ðsÞQ2
N;i;

ð12Þ

where VIRP(s) is the potential energy at s on the IRP.

Equation 12 gives a full-dimensional PES (named as a

reaction path PES), which can be utilized for reaction

path-based dynamics. When VRI occurs with respect to the

non-totally symmetric coordinate, QN,1, the corresponding

curvature kN
1 changes its sign from positive to negative at

the VRI point and if the ridge character continues until

reaching the terminal point, this point corresponds to the

second TS, which connects two symmetrically equivalent

product minima with the lower symmetry. As to this type

of reaction path, there are a lot of example reactions, e.g.,

the Berry pseudorotation in SiH4F- [17, 21, 24], H3CO ?
H2COH, [16, 17, 22, 25], cyclopropylidene ? allene

[10, 11, 17].

If a force constant of the totally symmetric mode, e.g.,

kTP
1 , changes its sign from positive to negative somewhere

on the IRP, this point may be classified as a totally sym-

metric VRI point. In this case, the reaction path tangent

vector v(s) and the totally symmetric normal mode vector

LTP
1 ðsÞ can have a non-zero curvature coupling defined as

[5]

B1;s ¼
dLTP

1 ðsÞ
ds

� �t

vðsÞ ¼ � dvðsÞ
ds

� �t

LTP
1 ðsÞ: ð13Þ

Due to this curvature coupling, even if kTP
1 changes its sign

from positive to negative at some point, it should become

again a positive value through a ridge-valley inflection

point along the IRP and the IRP would reach a minimum.

This consideration suggests that the totally symmetric VRI

possibly appears in many reactions, but it is difficult to

notice them because the IRP calculation finishes at the

minimum point on the PES. One of the present authors

(TT) previously examined the isotope effect on the IRP,

which accompanies a non-totally symmetric VRI point on

the way and finishes at the first-order saddle point [22, 23].

The molecular spatial symmetry can be easily reduced by

an isotopic substitution in mass-weighted coordinates, and

in the reduced symmetry, the non-totally symmetric VRI

can change to a totally symmetric VRI. If the totally

symmetric VRI appears on the way of the IRP and the ridge

character remains at the terminal stationary point, this

terminal should be a transition state, which connects two

product minima of different type. When this type of reac-

tion pathway is realized, however, the energy gradient must

approach zero while the molecule stays on the ridge region

along the IRP. As far as we know, there has been only one

report about this type of reaction pathway, i.e., the IRP for

a geometrical transformation in the water trimer [26].

In previous studies, a totally symmetric VRI point was

detected on the IRP for HCHO- ? CH3Cl and two chan-

nels leading to different product minima were found in

calculations of reaction pathway with different conditions

[27]. Taking this reaction and its analogous reaction,

CH3CHO- ? CH3Cl, as examples, we perform detailed

analyses of the IRP. The details will be described and

discussed in a next section.

3 Illustrative applications

As illustrative applications, we examine an electron-

transfer reaction, XCHO- ? CH3Cl, in which an electron

is transferred from a ketyl radical anion to an alkyl halide

[28]. Sastry and Shaik performed the steepest descent path

calculation for the reaction, HCHO- ? CH3Cl, using non-

mass-weighted internal coordinates and mass-weighted

Cartesian coordinates at the spin-unrestricted Hartree–Fock

(UHF) level and noted that these calculations lead to

different product minima, i.e., HCHO ? CH3 ? Cl- (the

cluster of electron-transfer products: CET) and OH2C–

CH3 ? Cl- (the substitution: SUB(C)), respectively [27,

29]. This result suggests that the reaction pathway is very

sensitive to the computational level and the pathway should

go through the vicinity of the branching point of two dif-

ferent product minima. Yamataka, Aida and Dupuis per-

formed AIMD simulations for this reaction at the UHF

level and discussed the branching ratio of the products, CET

and SUB(C) [30]. Schlegel et al. [31, 32] also performed

AIMD simulations considering the temperature effect on

this reaction and discussed the possibility of the stepwise

process, HCHO- ? CH3Cl ? CET ? SUB(C).

In this study, we performed geometry optimizations of

stationary points and IRP calculations for the reactions

XCHO- ? CH3Cl (X = H, CH3) at the spin-unrestricted

Møller–Plesset second-order perturbation theory (UMP2)

level with 6-31?G(d) basis sets. In IRP calculations, a step

size of 0.1 bohr amu1/2 was employed. Then, we per-

formed normal mode analyses at points along the IRP,

according to Eqs. 4 and 6. We also calculated changes of
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the Mulliken net charge and spin population of each atom,

as well as the energy of the first excited state, along the

IRP. All calculations were performed using the GAMESS

program package [33].

3.1 HCHO- ? CH3Cl

Figure 1 shows the scheme of electron-transfer reactions

between formaldehyde radical anion and methyl chloride.

Initially, these two molecules form a cluster (referred to

as CR) and then electron is transferred between these

two molecules, leading to either one of the two different

product minima, SUB(C) or CET, via the transition state,

ET-TS. There is another channel from CR, which leads to

SUB(O) via the transition state, SUB(O)-TS. Two minima,

SUB(C) and CET, are connected via the transition state,

referred to as RAT-TS. The structure of ET-TS has Cs

symmetry in which HCHO approach CH3Cl with anti-

conformation. The imaginary-frequency mode at this

ET-TS belongs to A0 representation and so the molecular

system keeps Cs symmetry along the IRP. The structure

with eclipse-conformation of HCHO and CH3Cl (Cs sym-

metry) has two imaginary-frequency modes (classified as

the second-order saddle point: SOSP) with the energy of

0.2 kcal/mol higher than ET-TS. One of the two imagi-

nary-frequency modes corresponds to atomic movement

leading to SUB(C) or CET, while the other corresponds to

an internal rotation of the CH3 group. The order in energy

for the anti-conformation and the eclipse-conformation is

changed if diffuse functions are not contained in the basis

sets at the UMP2 level. This change was also observed in

UHF calculations [29]. Through IRP calculations, it is

verified that CR and SUB(C) are connected via ET-TS at

the UMP2/6-31?G(d) level. The obtained SUB(C) has a Cs

symmetry structure with no imaginary-frequency mode,

while there is another minimum energy structure of

SUB(C) with C1 symmetry, which is 1.2 kcal/mol lower

than the Cs symmetry structure. The difference in these Cs

and C1 structures is just the position of Cl- atom relative to

HCHOCH3. The existence of these Cs and C1 minima

indicates the possibility of appearance of the non-totally

symmetric VRI on the IRP of Cs symmetry. It is found that

RAT-TS also has Cs symmetry structure with anti-confor-

mation of HCHO–CH3. Then, the IRP starting from this

RAT-TS keeps Cs symmetry, leading to CET and SUB(C) of

Cs symmetry.

Figure 2 shows variations of the energy along the IRPs

for SUB(O) ? SUB(O)-TS ? CR ? ET-TS ? SUB(C)

? RAT-TS ? CET where the energy values are relative to

a sum of energies of reactants, HCHO- and CH3Cl. As

shown in Fig. 2, SUB(C) is the lowest minimum energy

structure and CET and SUB(O) are located with 5.0 and

2.9 kcal/mol higher than SUB(C), respectively. Starting

from CR, the activation barrier is calculated to be 7.1

and 8.8 kcal/mol for CR ? SUB(C) and CR ? SUB(O),

respectively. The value of \S2[ for ET-TS is 0.77 and

rises to a maximum of 0.86 along the IRP at the UMP2

level, indicating that spin contamination does not cause

significant distortion of the PES for this reaction. Figure 3

shows variations of (a) net charges of three fragments, i.e.,

HCHO, CH3 and Cl and (b) spin population of elements

other than H atoms along the IRP for CR ? ET-TS ?
SUB(C) in a region of s = -10–15 bohr amu1/2, obtained

from Mulliken population analyses. Since this is an elec-

tron-transfer reaction between a radical anion and a neutral

molecule, the sum of total charges is -1. As is clearly

shown in Fig. 3a, an electron is transferred from HCHO to

Cl in the region slightly after ET-TS. On the other hand,

Fig. 1 A schematic reaction

profile for HCHO- ? CH3Cl
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variations of spin population indicate that an unpaired

electron moves from the carbon in HCHO- to the oxygen

in SUB(C) as the reaction proceeds.

Figure 4 shows variations of the lowest frequencies for

three transverse vibrational modes, i.e., two totally sym-

metric modes, LTP
1 and LTP

2 and one non-totally symmetric

mode LN
1 , along the IRP for ET-TS ? SUB(C) in a region of

s = 0–15 bohr amu1/2, at the UMP2/6-31?G(d) level. As

shown in Fig. 4, frequencies for LN
1 and LTP

1 modes become

an imaginary number at s = 5.82 and 5.94 bohr amu1/2,

respectively, although they become again a real number

later. In the previous study on the same reaction, the totally

symmetric VRI occurs on the IRP just after passing the TS at

the UHF level and this VRI point is considered to be related

to the branching of product minima [27]. As shown in Fig. 2,

the potential energy at s = 5.82 and 5.94 bohr amu1/2 is

much lower than the energy level at RAT-TS, and thus, the

VRI points in Fig. 4 have no relation with the branching to

SUB(C) and CET. On the other hand, the frequency of LTP
1

mode decreases sharply to 18.3 cm-1 at s = 0.8 boh-

r amu1/2 where the potential energy is sufficiently higher

than the energy level of RAT-TS. Figure 5 shows pictures

of significant normal modes, LTP
1 (s = 0.8), LTP

1 (s = 6.0)

and LN
1 (s = 6.0) and the reaction path tangent vector,

v(s = 0.8). At s = 0.8 bohr amu1/2, v corresponds to atomic

motions promoting a cleavage of the C–Cl bond in CH3Cl

and a formation of the C–C bond between HCHO and CH3Cl

(namely, SUB(C)), while LTP
1 corresponds to atomic

motions leading to dissociation into three fragments, HCHO,

CH3 and Cl (namely, CET). The low frequency means a low

potential curvature (i.e., a small force constant), indicating

that the molecular system possibly leaves from the IRP

through vibrational excitation of this low-frequency mode

and goes toward another product minimum, CET.

In order to get insights into geometrical feature of the

IRP for ET-TS ? SUB(C) around the low-frequency

region, we calculated the reaction path curvature by

numerical differentiation of the reaction path tangent vec-

tors in the region of s = 0–5 bohr amu1/2. Figure 6 shows

variations of the reaction path curvature along the IRP. As

shown in Fig. 6, the IRP is sharply curved locally at
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s = 0.7–1.2 bohr amu1/2. In this region, the reaction path

tangent vector changes its direction following three stages:

1. CH3 part in CH3Cl approaches to the planar structure

(s = 0.0–0.7 bohr amu1/2)

2. The planar CH3 is transferred from Cl to the HCHO

side (s = 0.7–1.2 bohr amu1/2)

3. CH3 part changes again to non-planar structure to

make OH2C–CH3 (s = 1.2–5.5 bohr amu1/2)

During these processes, the hybrid orbital of C atom in CH3

should change as sp3 ? sp2 ? sp3. This picture is con-

sistent with the recoil mechanism proposed by Shaik et al.

in which two hydrogen atoms of the H2CO fragment flap

against the methyl group in opposition to the C–C

approach, and thus, the C–C bond does not change as

much but the C–Cl bond lengthens more rapidly [27]. The

geometrical feature of the reaction path tangent vector also

appears as characteristic variations in net charges and spin

populations at s = 0.8–1.5 bohr amu1/2 (see Fig. 3). In the

second step, vibrational frequency of the transverse normal

mode leading to dissociations into HCHO ? CH3 ? Cl-

decreases rapidly and the branching channel should be

open.

In the previous study for reactions of H2CS ? HCSH

and H2CS ? H2 ? CS [18–20], the appearance of non-

totally symmetric VRI points along the IRP was explained

by the second-order Jahn–Teller (SOJT) theory in which

the non-totally symmetric electronic excited state mixes

with the totally symmetric electronic ground state through

geometrical deformation in a direction of the non-totally

symmetric normal coordinate when these two electronic

states approach each other in energy (vibronic interaction).

This interaction sometimes invokes a change of geometri-

cal feature of points on the IRP from the bottom of valley

to the top of ridge. In the present case, the IRP for

CR ? ET-TS ? SUB(C) keeps Cs symmetry throughout

and the electronic ground state belongs to A0 irreducible

representation. Figure 7 shows variations of the ground-

state (12A0) and excited-state (12A00) potential energies

along the IRP calculated by the UMP2/6-31?G(d) method.

As shown in Fig. 7, the excited state approaches rapidly the

ground state with the energy difference of 4.8 kcal/mol at

s = 5.7 bohr amu1/2 and their small energy difference is

kept after this region (the energy difference in the terminal

is calculated to be 3.6 kcal/mol). This feature indicates that

the energy of the first excited state is very close to that of

the ground state in the product, OH2C–CH3. Also,

according to the SOJT theory, the non-totally symmetric

VRI around s = 5.82 bohr amu1/2 should be invoked by

the vibronic interaction between 12A0 and 12A00 states,

which may be related to the branching of Cs and C1 minima

of SUB(C). As to the totally symmetric VRI points,
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however, the mechanism of its appearance could not be

explained by the SOJT theory because the interaction of the

ground and first excited states of totally symmetric repre-

sentation is not forbidden at points on the IRP [18–20].

3.2 CH3CHO- ? CH3Cl

The IRP analyses were also performed for an electron-

transfer reaction between acetaldehyde radical anion and

methyl chloride (CH3CHO- ? CH3Cl), the scheme of

which is shown in Fig. 8. In this reaction, one of the H

atoms of HCHO- in the previous reaction is just substi-

tuted with a CH3 group, which results in C1 symmetry of

the total system. The reaction scheme is almost similar

to that in HCHO- ? CH3Cl, which contains three

elementary reactions, CR ? ET-TS ? SUB(C), CR ?
SUB(O)-TS ? SUB(O), and SUB(C) ? RAT-TS ? CET.

All the structures along the IRPs have no spatial symmetry

(i.e., C1 symmetry). In the structure of ET-TS, CH3CHO

approach CH3Cl with anti-conformation and the imagi-

nary-frequency mode indicates that the central CH3 group

moves from Cl to CH3CHO part. The structure with

eclipse-conformation of CH3CHO and CH3Cl could not be

found. The IRP calculations show that CR and SUB(C) are

connected via ET-TS at the UMP2/6-31?G(d) level. The

obtained structure for SUB(C) corresponds to the mini-

mum, while there is another minimum energy structure of

SUB(C), which is 0.2 kcal/mol lower than the terminal of

the IRP. The difference in these structures is just the

position of Cl- atom relative to OCH3HC–CH3, which

is analogous to Cs and C1 structures of SUB(C) for

Cl-…OH2C–CH3. Figure 9 shows variations of the energy

along the IRPs for SUB(O) ? SUB(O)-TS ? CR ?
ET-TS ? SUB(C) ? RAT-TS ? CET where the energy

values are relative to a sum of energies of reactants,

CH3CHO- and CH3Cl. The relation in energetics is similar

to that in the previous reaction of HCHO- ? CH3Cl:

SUB(C) is the lowest minimum energy structure, and CET

and SUB(O) are located with 1.8 and 4.7 kcal/mol higher

than SUB(C), respectively. Starting from CR, the activation

barrier is calculated to be 4.6 and 8.7 kcal/mol for

CR ? SUB(C) and CR ? SUB(O), respectively. The val-

ues of\S2[ for ET-TS is 0.77 and rises to a maximum of

0.86 along the IRP, which is the same as the reaction of

HCHO- ? CH3Cl. Figure 10 shows variations of (a) net

charges of three fragments, i.e., CH3CHO, CH3 and Cl and

(b) spin population of elements other than H atoms along

the IRP for CR ? ET-TS ? SUB(C) in a region of s =

-10–15 bohr amu1/2, obtained from Mulliken population

analyses. As shown in Fig. 10a, an electron is transferred
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Fig. 8 A schematic reaction

profile for CH3CHO- ? CH3Cl
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from CH3CHO to Cl in the region slightly after ET-TS.

Figure 10b indicates that a position of an unpaired electron

moves from the carbon in CH3CHO- to the oxygen in

SUB(C) along the IRP.

Figure 11 shows variations of frequencies for three

transverse vibrational modes LTP
1 , LTP

2 and LTP
3 along the

IRP for ET-TS ? SUB(C) in a region of s = 0–15 boh-

r amu1/2, at the UMP2/6-31?G(d) level. Since the molec-

ular system has no spatial symmetry, these three modes are

all totally symmetric modes of A irreducible representa-

tion. Variations of frequencies in Fig. 11 show analogous

features with those in Fig. 4. The frequency for LTP
1 shows

a rapid decrease and becomes an imaginary number at

s = 0.75–1.03 bohr amu1/2, although in the previous

HCHO- ? CH3Cl reaction, the frequency keeps a real

number in this region. Also, the frequencies for LTP
1 and

LTP
2 become imaginary number at s = 6.03 and 6.16 boh-

r amu1/2, respectively, and become again a real number

later. As shown in Fig. 9, the potential energy at

s = 0.75 bohr amu1/2 is sufficiently higher than the energy

level of RAT-TS and, therefore, the first totally symmetric

VRI just after passing the TS should play a significant role

in the branching of the products. Figure 12 shows pictures

of significant normal modes LTP
1 (s = 0.9), LTP

1 (s = 7.0)

and LTP
2 (s = 7.0) and the reaction path tangent vector,

v(s = 0.9). At s = 0.9 bohr amu1/2, v corresponds to

atomic motions promoting a cleavage of the C–Cl bond in

CH3Cl and a formation of the C–C bond between CH3CHO

and CH3Cl, while LTP
1 corresponds to atomic motions

leading to dissociation into three fragments, CH3CHO,

CH3 and Cl. In the ridge region related to LTP
1 at

s = 0.75–1.03 bohr amu1/2, the molecular system can

leave from the IRP due to the instability of the reaction

coordinate and can go toward another product minimum,

CET.

Figure 13 shows variations of the reaction path curva-

ture along the IRP for ET-TS ? SUB(C) in the region of

s = 0–5 bohr amu1/2. The IRP is sharply curved locally at

s = 0.7–1.4 bohr amu1/2. In this region, the reaction path

tangent vector changes its direction in the same way as that

for HCHO- ? CH3Cl, in which CH3 part in CH3Cl

approaches to the planar structure, the planar CH3 is
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transferred from Cl to the CH3CHO side and CH3 part

changes again to non-planar structure to make the molecule

CH3CHO–CH3. Simultaneously, the hybrid orbital of C

atom in CH3 changes as sp3 ? sp2 ? sp3. In the above

second step, the branching channel to CH3CHO ?

CH3 ? Cl- will be open through the totally symmetric

VRI point. Mulliken charges and spin populations also

show characteristic variations around this region in Fig. 10.

As is described previously, the reaction system has no

spatial symmetry along the IRP for CH3CHO- ? CH3Cl,

so the electronic states as well as molecular orbitals belong

to A irreducible representation. In general, it is difficult to

get the converged result for the excited state in C1 sym-

metry by the UHF method, but we fortunately got the

converged result for 22A state along the IRP by preparing a

set of initial orbitals for SCF calculations in which SOMO

and the second-HOMO in the ground state are changed

each other. Figure 14 shows variations of the ground-state

(12A) and the first-excited state (22A) potential energies

along the IRP calculated by the UMP2/6-31?G(d) method.

As shown in Fig. 14, the excited state approaches rapidly

the ground state with the energy difference of 6.5 kcal/mol

at s = 6.1 bohr amu1/2 and their small energy difference is

kept after this region (the energy difference in the terminal

is calculated to be 4.2 kcal/mol). Thus, the energy of the

first excited state is very close to that of the ground state in

the product, OCH3HC–OCH3.

In the previous section, appearance of the non-totally

symmetric VRI point was explained by the SOJT theory

and simultaneously we pointed out the difficulty to

understand appearance of the totally symmetric VRI points

based on the vibronic interaction between the ground state
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and the first excited state. Actually, it is difficult to explain

the appearance of the totally symmetric VRI point at

s = 0.75 bohr amu1/2 in the present reaction by the SOJT

theory, but the totally symmetric VRI point at s =

6.03 bohr amu1/2 could be understood as the result of the

vibronic interaction between 12A and 22A electronic states

(this VRI point may be related to the branching of two

minima of SUB(C)). We should note that the present

molecular system has approximately Cs symmetry because

only one of H atoms is substituted with CH3 group in the Cs

symmetry molecular system. In such a case, one may apply

the SOJT theory approximately to interpret appearance of

the totally symmetric VRI points on the IRP.

4 Conclusion

In the present paper, we discuss the significant role of the

totally symmetric VRI points appearing on the IRP. Since

the intrinsic reaction coordinate belongs to the totally

symmetric irreducible representation of the molecular point

group, it has no curvature coupling with the transverse

normal coordinates of non-total symmetry, and thus, the

IRP starting from TS is sometimes connected with the

second TS through the non-totally symmetric VRI point.

This type of VRI points were sufficiently studied, since it is

easy to find such cases in quantum chemical calculations.

On the other hand, the totally symmetric normal coordi-

nates definitely have a curvature coupling with the reaction

coordinate, and thus, even if the totally symmetric VRI

point appears on the way of the IRP, the valley character is

usually recovered through the ridge-valley inflection point,

leading to the product minimum. Therefore, it is difficult to

find the totally symmetric VRI points. When there appears

the totally symmetric VRI point on the IRP, the molecular

system with non-zero kinetic energy will possibly turn its

direction on the way and sometimes reach another mini-

mum on the PES.

We show illustrative quantum chemical calculations of

the IRP for electron-transfer reactions, XCHO- ? CH3Cl

(X = H, CH3), at the UMP2/6-31?G(d) level. There are

two channels in the products, i.e., OXHC–CH3 ? Cl- and

XCHO ? CH3 ? Cl-, in these reactions. Variations of

vibrational frequency of the transverse modes, the reaction

path curvature, Mulliken charges of molecular fragments

and atomic spin populations were calculated along the IRP.

It was known that there is totally symmetric VRI point on

the IRP for the first reaction (X = H) at the UHF level, but

it is verified that this VRI point disappears at the UMP2

level. On the other hand, in the second reaction (X = CH3),

it is verified that the IRP has the totally symmetric VRI

point leading to two different product minima on the PES

even at the UMP2 level.

The appearance mechanism of the VRI point was dis-

cussed by the SOJT theory. The energy of the first excited

state is calculated along the IRP, and it is shown that the

non-totally symmetric VRI point appears as the result of

the vibronic interaction between the ground and the excited

states. On the other hand, appearance of the totally sym-

metric VRI point could not be explained by the SOJT

theory, in general. However, in the present application for

CH3CHO- ? CH3Cl, one totally symmetric VRI point

seems to be invoked by the vibronic interaction of 12A and

22A states, since the reaction system has approximately Cs

symmetry along the IRP.

In general, plural sets of products are generated simul-

taneously in the complex reaction, while only one set of

products is generated in the elementary reaction. However,

even in the elementary reaction, two different sets of

products could be generated if there appear the totally

symmetric VRI points (or the region with the very low

frequency in transverse modes) on the way of the IRP.

Although the branching of products can be discussed only

by dynamics simulations, one can expect different product

channels from the vibrational analyses along the IRP.
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