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The potential energy surface (PES) of the non-identical $y2 reactions, F~+CH,Cl—=FCH,+Cl~ and (H,O)F +
CH;C1—FCH;+Cl* (H,0), were investigated with ab initio MO calculations. The ab initio minimum energy
reaction path (MERP) of the F~+CH;Cl—~FCH,+Cl~ was obtained and it was expressed with an intermediate
variable ¢. The ab initio PES was obtained near around 1. Analytical potential energy function (PEF) was
determined as a function of the ¢ in order to reproduce the ab initio PES. Based on Morse-type potential
energy function, a Varying Repulsive Cores Model (VRCM) was proposed for the description of the bond
forming and the bond breaking which occur simultaneously during the S,2 reaction. The MERP calculated
with the PEF is well agreed with the ab initio MERP and PEF could reproduce the ab initioc PES well, The
potential parameters for the interactions between the gas phase molecules in the reactions and water were also

obtained. ST2 type model was used for the water.

Introduction

The studies on the PES of the chemical reaction between
ions and molecules have widely investigated and have
yielded many useful informations for the understanding of
various fields in chemistry. Especialty, bi-molecular
nucleophilic substitution (Sy2) reactions' are most widely
studied in chemistry and the basic properties of the
mechanism have been well known for a long time.

Although many informations about the PESs of the S$y2
reactions were obtained from theoretical studies®'” and
experimental investigations,'®> the functional representation
of the PESs'""** is remained as a major task to be done,
for it is very useful for the dynamic and statistical studies
on the S,2 reactions in both gas phase and aqueous solution.

For identical Sy2 reactions, especially Cl-+CH,Cl—CICH,
+Cl", Chandrasekhar, Smith and J¢rgensen,”* Van de Linde
and Hase,"! and Tucker and Tuchlar? developed the
analytical potential energy functions.

Chandrasekhar er al."” obtained a set of analytical PEFs
which are defined along MERP, only with one degree of
freedom. They introduced an alternative definition of the
reaction coordinate, #c.

fe=ra—o'ca (D

where rq-.c and 7o are the distances between Cl° and C,
and between C and Cl within C,, symmetry restriction. The
energy along MERP was described with this reaction
coordinate, r¢.

E=E(ro 2

Geometric parameters, net atomic charges, and
intermolecular potential parameters were described by the
same functional form, as a function of re (or re.q).

' Member of the Center for Molecular Science, Korea.
*To whom all correspondences should be addressed.

frec)=keglroc) +4, )

Since rc was defined only along MERP, E(rc) and firc.o)
are valid only on MERP. They carried out Monte Carlo
simulation for a solute cluster solvated by 250 water
molecules by using Egs. (2) and (3) and they derived solute-
solvent potential functions from ab inifio calculations in
conjunction with TIP4P water modet.

Van de Linde er al'' expanded the potential energy
surfaces with multidimensional analytical potential energy
function. They introduced four dependent geometrical
parameters, rg- .o, Foon &aSra coteas &= feaTa .o, for
describing the PEFs and besides some switching functions
were introduced for the smooth connection between long-
range and short-range potential terms. Since, in this
formalism, re; ¢, #c.q, angle H-C-Cl and angle CI-C-Cl are
used as independent geometrical parameters, the potential
energy functions can be used for the potential energy
surface calculations around MERP different from the
potential energy function of Chandrasekhar et a/* With this
PEF, the reaction path calculation and the variational
transition state calculations on cluster association, cluster
dissociation, and cluster isomerization were performed.

Tucker et al'? introduced the three-body potential
function for the expansion of the PES. Since the Walden
inversion, umbrella mode, is strongly coupled with the
reaction coordinate, they regarded the angle Cl-C-Cl as one
of the main coordinates contributing to the reaction
coordinate. The PEF has two main parts as fallows.

Vig =V3E +V,, 4)

where V* is the three body term where the methyl group
was treated as a single particle and V., is the additional
potential part due to the hydrogen vibrations. V*® was given

by
V3B = YLEPS L VIR 4 /0 (5)
where VA5, VIR and V" are three-body extended LEPS™
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potential, long-range electrostatic interaction, and reference
potential, respectively. For V'%  three geometrical
parameters, rq-.q, *a-.c and req, were used, and for
calculating V**, the net atomic charges were expressed with
re, and the force constants in V° were also described as
functions of r.. Especially, the polarization energy was
included in the total energy, Vg, and the polarizabilities
were expressed as linear functions of net atomic charges.
With this PEF, the semi-empirical potential energy surface
for the reaction was calculated and the rate constant and the
activation energy of the reaction were estimated at several
temperatures.

The purpose of this work is the functional representations
of the ab initic PES of the following non-identical Sy2
reactions through least-squares fitting procedure. Since the
changes in the reaction rate of reaction (6) and the methyl-
halide reaction system upon hydration are several orders of
magnitude, the PESs for both reactions, (6} and (7), will be
investigated.

F- + CH,Cl —» FCH, + CI" (6)
F~--Water + CH,Cl - FCH; + ClI---- Water | @)
Method

Coordinates for the Reaction Systems. In this
study, a set of internal coordinates (Figure 1 and 2) were
used for the description of the reaction systems, Egs. (6)
and (7). The coordinates were classified into two classes
according to their degrees of contribution to the MERP of
the reaction. The conformations of the complex on the
MERP were kept in the C,y symmetry. Whereas the
deviations from the Ciy symmetry were described with the
displacements, g, from the MERP.

P=P@, 7 (8)

where O represents the minimal coordinates which _are
necessary for describing the C,y conformations. The Q is
composed of four geometrical parameters, Rcr, Rea, Ren
and 6, as shown in Figure 1-a. The equilibrium distance of
Rey was assumed to be constant during the reaction for
simplicity. Then Q is Rer, Recy Rew and 8. Once the Ciy
symmetry is broken as shown in Figure 1-b, one need a
reference axis to define the angle € because the principle
axis does no longer. The reference axis is defined as the
line perpendicular to the plane formed by the three methyl

Heer
Ren 0
Xc1
Xg reference axis
Q) . . A ) )'
¢ BFCy . Ocicy LY
XpCH oo F Real (CH Cl
F7~oRer gy 0 Cl
HCH

Figure 1. The internal coordinates which were introduced for
the gas phase reaction. The reference axis was obtained as the
line which is perpendicular to the plane formed by the three
hydrogen atoms and passes through the carbon center. The
durnmy points Xz and Xg are arbitrary two points located on
reference axis and on both sides of the carbon atom.
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Figure 2. The internal coordinates which were introduced for
the description of the S,2 reaction with one water malecule
environment.

hydrogen and passes the center of the carbon atom. The
angle 8 is defined as the average of the three angles, Gy cx.»
Biyexq and By cx,. Xr and Xq are the arbitrary points on
the reference axis each side of the carbon. 6y and Oxcq
are the angles between the reference axes with C-F and
with C-Cl, respectively. Torsional angle @ cr is the angle
between the X:H,C plane and C-F bond. ¢x.uca is the
angle between the XoH,C plane and C-CI bond.

Twelve internal coordinates, Oy,c0r Brocas By,ccry three
Rens prcr: 6xdccu, xpn, crs PxqHyccs Rer, and Req, are
divided into two parts. The first part is for the Ciuw
conformations, Q(R¢r, Rog, 6) and the second part is for the
deviations from C,y conformations, {46y, A6k chy
Aby v, ABx e, three AR, Adxu cr, Adypca). Then a
conformation corresponds to a point P in a geometric
parameter space can be described by the two coordinate
sets O and g as in Eq. (8).

The point on the MERP, S, can be expressed as follows.

S =@RE, Riq, 6)=0° )

Since S is a continuous line in three dimensional space 0.5
has a dimension of length. Since the § has only one degree
of freedom, O%can be obtained as a function of the S.

G° ={R(S), ReclS) S (10-2)
S can be obtained from the inverse function of (10-a)
8§ =fRc Rear & (10-b)

and the normal coordinates on the S, U(S), become
— 3 -
U($)=Y25/30,) dg; (1)
i=1

where Q; is one of Rep, Roq and 6. Since one can not
exactly describe $ with a finite number in the functions of
Rep, Req and 6, the aproximation of the § coordinate was
functionally expressed with Rer, Req and 8 is designated
with symbol .
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S=t=fRep Roay 6) (12-a)

G = {Rlt), Realt), 80)} (12-b)

T()=Y6r/30) dQ! (13)
i=|

If the functional forms of the Eq. (12-a) and (12-b) are
suitably selected, then the approximate MERP ¢ will be
located close to § in the conformational space, Q.

For the coordinate system of the reaction containing
water molecule, Eq. (7), the water molecule was assumed to
be rigid and only six internal coordinates [W(rm, Gcen Oros
®w,cen> Pernos Pruon)] were used as in Figure 2.

Ab initio Potential Energy Surface Calculation
and Its Functional Representation. The potential
energy functions were expressed in terms of the two
internal coordinates set ' and q. The potential energy at a
point (&, ) was expressed approximately as the function
of ¢ and the deviations from the ¢. The potential energy was
expressed as a sum of the potential energy on the ¢ V(¥),
and the contribution due to the deviation from the ¢.

v@, Dv+ T kO a7 (14)

k(f)q is the energy contribution due to the deviation from
the ¢

In this study, all the calculations were restricted to the
adiabatic potential energy surface of the lowest singlet
states and were performed at the Hartree-Fock level.
Several basis sets were tested to examine the theoretical
level appropriate for both reactions, Eq. (6) and (7). The
heat of reaction of Eg. (1), (AH..)"* and the binding
energy of one water to F~ and to Cl™ [AH, (X )])*® were
calculated for each basis set. As shown in Table 1, Anion P
functions (AP)’ on F~ and Cl™ play an important role in
eliminating the overestimation of the energies. Among the
basis sets tested, four sets, 4-31G with AP, 4-31G* with
AP, 6-31G with AP and 6-31* with AP give reasonable
energies. Since d-function is important for describing the

Table 1. The heat of reaction and heat of hydration calculated
at several basis sets

D(*) AP D+AP
AH,.’ -112.6  -1385  -50.9 -68.0

321G AH, (F ) -524 -54.4 24.1 -25.7
AH, (C1)  -16.6 -16.4 -13.8 -13.6

AH," 67.1 -63.9 -49.8 -47.1

431G AH,'(F") -368 378 229 237
AH, €1y -189 -19.1 -13.2 -134

AH? 773 -74.6 482 -45.1

6-31G AH,_(F) -349 -36.0 226 236

AH, €17y -14.9 -15.0 -13.4 -10.8

Only F and Cl atoms have polarization orbitals (AP). All the H
atoms have 31G basis sct and the oxygen atom in water
molecules has 3-21G basis set. Experimental values of AH,.,"
(F') and AH, °(Cl } are -23.3 and -13.1 kcal/mole,”
respectively, and AH,,, was obtained as - 28 kcal/mole from
measurement of the rate constants."
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states in the reaction path, 4-31G* with AP basis set was
used in this calculations.

Since the conformations of the complex atong and around
the MERP are statistically more important than the
conformations far from the MERP, the ab initio calculations
were performed for 195 conformations along or near the ¢
coordinate, P(Q', q), for the reaction (6). The MERFP was
calculated with the C,y constraint. The minimum energy
conformations were calculated at every step by decreasing
the R gradually. The decreasing step, ARc, is 0.1 A. The
trajectory of minimum energy conformations in the ¢ space
corresponds to the § coordinate. Ab initio calculations for
the reaction (7), the reaction in one water environment were
performed for the 95 conformations on ¢ coordinate with
one water molecule, P((, W) The distances between the
sampled points and the ¢ coordinate are less than 2 A. The
sampling was made within 4 A diameter tube along the ¢
coordinate. For the determination of k(f), ab initio
calculations were performed at two points, P(G'(), +dg),
along the ¢ coordinate. Using harmonic oscillator
approximation, &; was expressed as a function of ¢.

Since the purpose of this work is to represent the PES of
the reaction around the MERP, it is necessary to define ¢
values outside of the ¢ coordinate because the potential
function is described as a function of ¢ even out sides of the
MERP. At a point on the ¢ only one conformation @ is
uniquely defined whereas several points in the O space can
have the same ¢ value.

(=1 @) (15)
The potential energy parameters of V@) and the
functional form of Q/s, described by Eq. (12-b), were
determined from the minimization of the following function,
Fy.
N -85 e 14
Fy = {Ef* - V()P + Wi(C; - O (16)
1=1
where E* and V(#) are the ab initio energy and the energy
calculated from potential energy function V at /th point on
or near the ¢ coordinate respectively. And Q, and Q, are
the /th point on the MERP and the point described as a

function of ¢ (Eq. 12-a), respectively. W, represents the
statistical significancy of fth point.

Results and Discussion

Determination of 6‘ In Table 2, the geometries of
five points, reactant (R), reactant complex (RC), transition
state (TS), product complex (PC) and product (P), and the
first derivatives with respect to the § at the five points on
the MERP and those on the approximate MERP (¢
coordinate} are listed. The TS was used as the origin of the
MERP; § equals zero at TS. The functional expansion of O
{Rep(t), Ree(r), 8(f)} was made via the least-squares fitting
procedures.

Ro(1)=2.1684 - 0.7152¢ +(.202147 - 0.0315¢°
—0.0617¢* + 0.0117:5 (17)

Rocit) =2.1198 + 0.6399 +0.2799:2 - 0.173473
+(.0370r* + 0.0344¢3 (18)
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Table 2. The geometries and their 1st derivatives with respec-
tive to S and ¢

R RC TS PC P
dRooS) i -0.24 0.00 1.29 -
dRocf) i 0.24 0.00 1.36 .

dRecASHOS  DOD 020 0.67 1.00 1.00
dRee{)fOr 000 022 0.64 0.98 1.00
dRHS) i 0.39 0.00 -0.77 -
AR +lt) - 0.44 0.00 0.77 .
dR{SY3S 100 098 071  -001 0.00
dR {£)/3t 100 094 072 -0.02 0.00

da(s) i 0.15 0.00 -0.50 -
d8(f) - 0.14 0.08 -0.52 -
di(S)/dS i -0.01 022 -0.01 -
dg(r)iot i 006 020 013 -

Roe=@Roc+2.1198, Rep=dRe++2.1684. B(in degree)=97.9543+(57.
2592/Rcy)d6.

&¢) = (57.2592/1.07)[- 2.0307-tanh {0.1862(¢ ~ 0.2793)}
~0,0794(t ~0.7293) + 0.0661(¢ —0.7293)>
+0.0273(¢ —0.7293) - 0.1342] +97.9543 (19)

In Figure 3, the O' is plotted as the function of the ¢ In
Figure 4, the ¢ is plotted in R, Roo and € coordinates
(upper) and the potential energy, V, is plotted along the ¢
coordinate (lower). -

In order to calculate ¢ values near arround the £(Q)
coordinate which corresponds to the Eg. (12-a) was
obtained,

£(Q) = ~0.6466R o -0.0782R 2%, +0.0056R &
—0.0995R ¢ + 0.2359R &y — 0.16T9R X
-0.23956 - 0.0023¢ + 9.1529 (20)

Description of the Net Atomic Charges as the
Function of the t. For the description of the reaction
between ion and the molecule with permanent dipole,
accurate estimation of electrostatic interaction is very crucial,
because the capturing of the ion by polar molecular occurs

8 110 ~

7 Angle 105

6 100 -
. 4 @
< 51 Req 95 b
80
P 4 901 2
3 g5 - 5

2 80

1 Rep 75 -

0 T T T T T T T ' 70 -

5 4 3 2 4 0 1 2 3 4 5
{

Figure 3. :l'he changes of the internal coordinates as 7. R and
Req are in A. 9 is in degree.
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Figure 4. The ¢ is plotted in Ry, Rec, and € space (upper) and
is projected to 8-R¢r and Ree-Rer planes. The potential energy

curves along the ¢ coordinate are plotted (lower).

by ion-dipole interaction. In this study, for simplicity,
Mulliken population was used as the point charge centered
on ¢ach atom. Since the Mulliken population changes much
during the reaction, the net atomic charges were described
as a function of the ¢

8-(r)=0.2877 tanh(1.2475¢ — 0.7858) —
[{2.3962( - 1.8000)*} + 44.0010]' - 0.7124  (21)

5-(t) =0.1995 tanh{1.0698¢ —0.0432) +
[{(= 3.6713 ( — 0.9000)%) + 19.0590-"}] - 0,2702 (22)

8, (1) = — 0.0290 tanh(2.4266¢ — 2.6350) +
83.2250/(53.410-23.7920 | ¢ | Y2+ 0.1970 (23)

Sty =—{1+ (1) + 8o (1) + 38, (1)} (24)

— _4-

£ H

T 24 ~—

2

=

g 0.0 1

=<

Y =

S

<

- -8

pa

-1.0 T T T T T
-4 -2 0 2 4
t

Figure 5. The changes of the net atomic charge and the
Mulliken populations are plotted along the ¢ coordinate.
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The point charges of each atom are plotted along the ¢ in
Figure 5.

Functional Representation of the PES. The PEF
in the Q space, V{Q?), was described as a sum of several
terms.

V@)=V Q)+ V(B + Vi (B) + Vo (D) (25)

where V,,, V... V., and V), represent the electrostatic energy,
the electronic energy of the valence electron, the inversion
potential of the CH; group, and the sum of bonding
potential energies of the F---CH; and the H:Cl---C pairs,
respectively.

The net atomic charges described by Egs. (21)-(24) were
used for the electrostatic energy calculation.

V=33 8(ty8,(Vr; (i, j:F, CH,HyH, CD) (26)
PR
Since the changes in the valence orbital energy and the
net charge of the CH; group during the reaction are
relatively small compared with those of F and Cl atoms, the
contribution of the CH, to the V,,, was neglected. Therefore
the V,,, was approximately expressed as

Vo ()= -8 UHEF ) - E(F)} - S HE(CIH(-E(CI"} (27)

where E(X™) and E(X") are the electronic energies of
negative charged and neutral halogen atom X, respectively.
{E(F XE(F)} and {E(C] )-E(CI")} were obtained as - 28.
828, and - 59.553 kcal/mol, respectively.

A harmonic function was vsed for the inversion potential
of the CH, group, V,,.

V,. = 0.5k (8- 90) (28)

ky was obtained as 0.120 kcal/mol/deg.

Since V, must contain the driving force for the bond
breaking and forming and locating of the TS, the functional
form of the V, is quite complicated. In order to include
these factors in the V,, a Varving Repulsive Core Model
(VRCM) was proposed in this study. V, was expressed as a
sum of the bond potentials between CH; and X (F or Cl).

Viond = Z Vix.as Q) +E; (29

X=F.C1

This bond PEF was constructed based on the Morse type
function. Since the molecular orbitals and electronic
populations of the covalent bonding pairs (F---CH, and
CH, --Cl) change markedly during the reaction, also the
potential parameters of the bond PEF must be changed as
the reaction proceeds. V. x..cn, was expressed as follows.

—200x {Rex —RF (¢ —Ctx {Rea—Red (55 ,th)}

-e))_ze

Vix.cnlt, =D, cyle 1 (30)

where
RY (1, 8)=Fex (1) r&(6) (31
where
Fex()=1 +ch‘-’-ﬁ' " (32)
and

(O =r& (B X1+acy | -6y | +bey | 8-6¢ | D) (33)
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In V,, R* s in the Morse type potential are changed as the
conformation of the reacting system changes. For the
repulsive potential part, the first term in the angle of the Eq.
(30), R, ) is a function of both ¢ and 6. Since the 6 is
constant, the Ro(z, 6) of attractive part, the second term in
the angle of the Eq. (30), becomes constant. Ro(ec, 8)
corresponds to the Rg°(6), in Eq. (33). The potential
parameters D, ¢, D,y and £, were obtained as 195.27, 131.
57 and - 158.93 kcal/mole, respectively, and o(p and g
were obtained as 1.14546 and 1.46478, respectively. The
potential parameters introduced for the description of the
varying cores, 7cp'(65), Rea'(6a), ace, acay bers becn €ers Coan
Ber, Becn B and 6, were obtained as 1.24445 A, 1.716113
A, 00044917 deg™', - 0.004185 deg™', 0.00004422 deg~?,
- 0,000012 deg™? 0.2602329, 0.09989056, 0.57475031,
0.35666256, 72.0 deg, and 108.0 deg, respectively.

Figure 6 shows the attractive cores at the five points on
the ¢. At the reactant and the product, the repulsive and the
interactive cores are coincident. The repulsive core of F---
CH; pair decreases rapidly from the TS to the PC. This
rapid decrease of the F---CH, repulsive core is responsible
for the high exothermicity of the reaction and the rapid
shortening of the F-C bond. The repulsive core of CHy+-Cl
pair does not change much compared with that of F---CH;
through the reaction. The increase of the repulsive core
from the TS to the PC is the driving force of the C-Cl bond
dissociation.

The MERP of the reaction calculated with the developed
potential energy functions is plotted against the R in
Figure 7. The TS geometry agrees reasonably well with the
ab initio tesults written in parentheses. There are some
deviation in the bond length of the Rq both in the RC and

e {0 (A
N \__/

Complex U U
Transition __ /\ m
State Q U
podus L /) m :
Complex \_// U
(2 A

broduct \// .,

Figure 6. The repulsive cares dotted lines and the attractive
cores solid lines of the F and Cl are plotted at the five points, R,
RC, TS, PC and P.
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Figure 7. The minimum energy path of the reaction is plotted
along the Ry The values in parenthesis are the energies
obtained with ab initio MO calculations.

the PC. The activation energy was obtained as 4.12 keal/
mol with the developed potential energy function. The
value of the 7 on the MERP was calculated with Eq. (20).
The energy components of the V(7) are plotted against the ¢,
Figures 8-a and 8-b. The shape of the V, is similar to that
of the total energy, V. The V,,, and the V,,,. contribute to
the V., in opposite directions along the ¢ coordinate.
The PEF in the g space, V(g), was described as follows.

3
Vig)==0.5Y k;()aq} = D‘SszH (D)ARcy? +0.5kpey (1)
7 =l
(Bhs.cr. — 120 +0.5kgyyy (¢ )( By, e, — 120)°
+0.5ky, cr (Rep XBr, ¢V + 0.5ky, carRec Xbyocar ¥ (39)

where k%(r) and kycyu(f) are assumed to be constants, 600
keal/mol-A® and 0.0203 kcal/mol-deg’, respectively. ky.cr
and kx_cc has the following form.

Ky, cx(Rex ) = dy[~tanh {gy (Rey ~hy )} +1] (33)

where di, do, g, £a, ke and A were obtained as 0.0384
keal/mol-deg?, 0.0304 kcal/mol-deg?, 2.434 A", 1.520 A,
1.95 A, and 2.35 A, respectively, The contribution from the
two dihedral angles, @$xucr and @xu,co, to the potential
energy was neglected. It was assumed that the rotation of X
with respect to the reference axis does not change the
potential energy, except the electrostatic interaction energy.

The PEF of the Reaction with One Water. The
interaction between (F™--«CHy--Cl)” and a water molecule,
V(W), 1s described as follows. In the dispersion-repulsion
energy calculation, both the water and the CH, group were
represented by spheres.

FCH(Ct

2'5,(‘)5;(‘)/’:;*' Z Vor (7.w) (36)

1 7=

V(W)=

4

i

where .., is the distance between the nonbonding center of
the water and F, C or Cl. For electrostatic interactions,
charge distribution ST2® type was used for the water
molecule (four point charge model) and for the F, C and Cl,
atom centered point charges were used. § are described as
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Figure 8. (a) The changes of V,,, V.4, Vi (0) V, and V,, are
plotted along ¢ coordinate.

the function of the r, Eqs. (21)-(24), whereas the points
charges on the water do not change. For the non-bonding
interaction, L-J type potential function was used. The [
represents one of F, CH, and Cl. The L-J potential
parameters, & w, & w and &.w were obtained as 0.674
kcal/mol, 0.921 kcal/mol, and 1.260 kcal/mol, respectively.
Or .w, Oq.w and Oy, y were obtained as 2.48 A, 257 A
and 3.02 A, respectively.

Conclusion

The PES around the MERP was expressed as a function
of the approximate MERP coardinate . The conformations
of the reaction system were functionally described with the
MERP coordinate. The point charge on each atom was
expressed as a function of the r. The changes in the point
charges of the F and the CI during the reaction are 0.5 ¢
and 0.8 ¢, respectively. The ¢lectronic energy of the valance
electrons of the F and the Cl are also described as a
function of the 7. This term is very important for describing
ihe exathermicity of the reaction together with the covalent
band energy, V,. The VRCM was proposed to describe the
simultaneous bond forming and breaking. The MERP of the
reaction calculated with the developed potential energy
function agreed well with the ab inirio MERP.

The ¢ value was defined not onrly on the ¢ coordinate but
also near around the ¢ coordinate. The least-square fitting of
the PEF was made with the ab initio energies of the points
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located within 4 A diameter tube in the Q space. Since the ¢
coordinate locate at the center of the tube, the potential
function may work reasonably well not only on the ¢ but
also around the ¢ This potential function can be used for
the computer simulation of the reaction without any
geometrical constraints,
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