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Quasiclassical trajectory calculations were carried out for the reactions of H+H, (v=0, J=0) and its isotope vari-
ants on the Siegbahn-Liu-Truhlar-Horowitz potential energy surface for the relative energies E between 6 and 150
keal/mol. The goal of the work was to understand the inter- and intramolecular isotope effects, We examine the
relative motion of reactants during the collision using the method of analysis that monitors the intermolecular
properties (internuclear distances, geometry of reactants, and final product). As in other works, we find that the
heavier the incoming atom is, the greater the reaction cross section is at the same collision energy. Using the
method of analysis we prove that the intermolecular isotope effect is contributed mainly by differences in reo-
rientation due to the different reduced masses. We show that above E=30 kcal/mol recrossing also contributes to
the intermolecular isotope effect. For the intramolecular isotope effect in the reactions of H+HD and T+HD, we
reach the same conclusions as in the systems of OCP)+HD, F+HD, and Cl+HD. That is, the intramolecular iso-
tope effect below E=150 keal/mol is contributed by reorientation, recrossing, and knockout type reactions.

Introduction

Recently, we have carried out a series of quasiclassical
trajectory (QCT) computations'™ for gas phase exchange
reactions such as

X+H2 — XI'{+H, (1)
X+HD — XH4D, (22)
— XD+H, (2b)

where X is OCP), F, Cl, T, and H, in order to understand
the effect of translational, vibrational, and rotational energy
in the reactants on the reactive cross section. For all of the
systems we have studied there is a barrier to reaction which
is lowest in the linear configuration and which grows as the
X-H-H angle is bent. We have also examined the inter- and
intramolecular isotope effects in some of these reactions. In
the QCT works certain intermolecular properties (bond
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length of H, and HD, r; the angle between H, or HD and
XH, v. and the final product channel) were monitored at vari-
ous R values (where R is the shorter of the two XH dis-
tances) during the collision. (These coordinates are shown in
Figure 1) Our earlier papers'!® have proved that this method
of analysis is very useful to understand the reaction mechan-
ism and intramolecular isotope effects in reactions (1) and
(2). The goal of this work is to understand the inter- and in-
tramolecular isotope effects in the reactions of H+H, and its
isotopic variants using this method. In our earlier paper’ we
tried to understand the inter- and intramolecular isotope ef-
fects in the reactions at high energies using the pairwise en-
ergy model (PEM) and we could expect any reaction of H,
and isotopic variants to obey PEM at sufficiently high en-
ergy. However, the PEM fails to explain isotope effects at
lower energies. To study what causes this failure can give
considerable insight into the reaction dynamics.

The question is what causes the inter- and intramolecular
isotope effects in the reactions. If the relative motion of the
reagent molecule or atom as reactants come together is not
different in the isotopic variant reactions, one could not ex-
pect any inter- and intramolecular isotope effects in the reac-
tions which have the steric requirement to form the product.
Thus, in order to describe the inter- and intramolecular iso-
tope effects in the reactions one must understand the re-
lative motions of reactants during the trajectory. Although
the potential energy surface (PES) as a function of three in-
ternuclear distances are invariant for reagent isotopic sub-
stitution under the Born-Oppenheimer approximations, there
are lots of factors which can affect the relative motion of
reactants during the collision. First, the skew angle in the
skewed coordinate systems that diagonalize the kinetic en-
ergy is no longer isotopically invariant. Second, the radial
velocity is different for the different isotopes since the
reduced masses of reactants are changed by the isotopic sub-
stitution. Third, if the center of mass of the reagent molec-
ule is shifted to the heavier isotope atom from the center of
charge for isotopic substitution, the potential V(Rcyx)' ™
is not symmetric any more with respect to the center of
mass. Here Rey is the distance from the incoming atom to
the center of mass of the reagent molecule and ¥ is the an-
gle between Ry and the molecule axis. Fourth, if the cent-
er of mass is shifted to the heavier isotope atom from the
center of charge for the isotopic substitution and there is in-
teraction between two reactants, the interaction acts dif-
ferently’? on the relative motion of the molecule for the at-
tack of the incoming atom to two isotope atom ends during
the collision. Fifth, when the reagent molecule vibrates, its
vibrating length, velocity, and period may change iso-
topically. We already interpreted the intramolecular isotope
effect in the reactions of OCP)+HD,' F+HD,’ and Cl+HD"
in terms of these five factors. We will take a trip to in-
terpret how the five factors given above affect the relative
motions of reactants and then how the variation of the re-
lative motions affects the inter- and intramolecular isotope
effects in the reactions. :

The reaction of H+H, and its isotopic variants are the pro-
totypes of gas ‘phase bimolecular reactions. The ex-
perimental and theoretical works has been reviewed several
times”®?” and a number of important dynamics®™’ studies
have been made for these reactions in recent years.
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In the present paper, we confine our study only to the
reactions which have the same reagent molecule in order to
understand the intermolecular isotope effect, that is,

Y+H, — YH+H, 3)

where Y is H or an isotope of H. And in order to und-
erstand the intramolecular isotope effect, we treat the two
reactions; H+HD (u=0, J=0) and T+HD (v=0, J=0), where
v and J are the vibrational and rotational quantum aumbers,
respectively.

Y+HD — YH4+D, (4a)
— YD+H, (4b)

where Y is H or T. We will try to separate the effects of
the five factors on the inter- and intramolecular isotope ef-
fects in the reactions as much as possible.

Theory

The potential energy surface used in this work was the ac-
curate  Siegbahn-Liu-Truhlar-Horowitz (SLTH) surface.”®
The QCT calculations were carried out as deseribed in our
earlier papers'® using the VENUS program developed by
Hase and coworkers.® The program monitors three in-
ternuclear distances throughout the trajectory. If the distance
from the incoming atom to one atom of the reagent molec-
ule reaches, say, 1.4 A before the distance from the in-
coming atom to the other atom of the reagent molecule
does, we say the incoming atom hits the former atom at R=
1.4 A The process is then repeated at other R such as 1.2
and 0.93 A The latter distance, RY, corresponds to the
linear transition state. We expect collisions which reach this
distance to react. At each value of R we also determine r
and y. Finally we keep track of which diatomic product is
formed at the end of each trajectory. At the end we de-
termine the average values of r and ¥ as well as the cross
sections for the incoming atom hitting the one and the other
atom of reagent molecule at particular R value.

The total cross section for collisions where the distance
from the incoming atom to the one atom of the molecule
reaches first R* is defined as Q*,,. Collisions that reach RY
are divided into reactive collisions and nonreactive col-
lisions; the latter are called ‘recrossing” collisions. Reactive
collisions are divided into two groups; direct reactions,
where the incoming atom first reaches the one atom of the
molecule at R* and catches the atom, and knockout reac-
tions, where the incoming atom first reaches the one atom
of the molecule at R but catches the other atom.

In this paper the reaction probability, Py, is defined by

_ Gk
Qi
Here Qg is the reactive cross section for forming product.

We determine the intramolecular isotope effect, Iy, for reac-
tions Y+HD where Y is H or T by

QOr (YD)
O (YH)

Here Q:(YD) and Qg(YH) are reaction cross sections for
YD and YH products, respectively. The intermolecular iso-

Py &)

L(¥)= (6)
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tope effect, I, for the reaction Y+H; (¥ is an isofope of H)
is defined by

O (Y —H,

QR (H‘HZ) (7)

I ¥)=

Here Qx(Y-H,) and Q(H-H,) are reaction cross sections for
YH and H, products in the reaction of Y+H, and H+H,,
respectively.

Standard Monte Carlo sampling procedure were used to
select the initial conditions for each trajectory. In most
cases 7,000 trajectories were run with varying a maximum
impact parameter from 0.7 A to 1.8 A.

Results and Discussions

The intermolecular isotope effect in the reaction
Y+H, (v=0, J=0) (Y is H or an isotope of H). To
better understand the intermolecular isotope effect in the
reaction of Y+H,, where we have used the masses of 1(H),
3(T), and 20(X) amu for the mass of the Y atom (X is a fic-
ticious hydrogen isotope atom), it is necessary to examine
the PES., We follow the approach of Loesch' and Levine
and coworkers'>"* by plotting potential energy contours for
fixed » as a function of Rey and %. (See Fig. 1) Our work
will demonstrate, however, that the H; bond length is con-
siderably elongated by the time the approaching atom
reaches the distance R'. We show in Figure 2 plots of the
potential contours V(Rey, x) for r=r=0.7414, 0.83, 0.93,
and 1.0 A (where 7, is the equilibrium bond length of H,).
The third one, r', is the H, distance at the linear transition
state. The plot for r=r, 0.941, and 1.046 A were also
shown in Refs. 29 and 12. In each case Rey=o0 cor-
responds to the zero of energy. At r=r,, the potential is near-
ly independent of %, but as r increases it becomes oblate
and it is remarkably oblate®™ at r=r*. (An oblate potential
is lower for the collinear configuration than for the per-
pendicular configuration.) The potential contours are quite
similar near ¥=90° for all four values of r. This indicates
that the barrier to rotate for a particular value of Rgy is ap-
proximately independent of r. Figure 2 also shows the lo-
cation of the potential barrier which separates the reactant
and the product sides of the surface. Each point on this
curve was determined by fixing r and ¥, plotting the po-
tential against Rey and locating the maximum (if it exists).
The product region is centered at ¥=180° its angular width

Y

Figure 1. Various coordinates for a collision of Y+H,.
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Figure 2, Potential energy contours for the system Y+H, plotted
for the Jacobi coordinates Rey and y defined in Figure 1, x=180°
corresponds to linear Y-H-H. The four plots carrespond to r=
0.7414 (upper left), 0.83 (upper right), 0.93 (lower left), and 1.0
A (lower right). In each plot the zero-of-energy, V=0 cor-
responds to r=7 and Rqy=. The uppermost contour in all plots
has the value V=1 kcal/mol. Successive contours in all plots are 2
kcal/mol higher and the bottom contour has the value V=19 keal/
mol. The heavy curve in each plot gives the location of the po-
tential barrier, computed as described in the text, which separates
the reactant (Jarge Rey) and product (small Roy) regions of the
surface.

becomes much broader as r increases. We also observe fair-
ly deep well in the surface for r=1.0 A. This is located in
the product region where the YH molecule is forming. As r
increases the open angle of the cone of acceptance with
respect to ¥ becomes wider.

Figure 3 shows the reaction cross sections as a function
of relative collision energy, E, for reactions of Y+H, (v=0,
J=0) (where Y is H, T, and X with the mass of 20 amu,
and v and J are the vibrational and rotational quantum
numbers, respectively.}) below E=100 kcal/mol. These
results agree well with the previous studies® on the same
PES. The thresholds for three reactions are in range of 6.5-
6.9 kcal/mol. The heavier the incoming atom is, the lower
is the threshold in the reaction. General behaviors of reac-
tion cross sections are similar in the three reactions but the
reaction cross sections become larger as the incoming atom
becomes heavier. In other words, the heavier incoming
atom is more reactive than the lighter atom in an entire
range of collision energy. Figure 4 shows the intermolecular
isotope effects, I(T) and 1(X), defined in Eq. (7). Both I;
(T) and I{X) start from infinite near threshold, fall down ra-
pidly, reach minima at E=30 kcal/mol and then increase
very slowly. It is necessary to understand thresholds of
three reactions before we discuss I;. Mayne® explained the
thresholds in terms of the skew angle and vibrational zero-
point energy (ZPE) of H, molecule. The values of skew an-
gle for linear configuration are 60°, 52°, and 46° for Y=H, T,
and X, respectively. Mayne® suggested that reaction at
threshold is enhanced by a reduction of the skew angle, i.e.,
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Figure 3. Reaction cross section for Y+H, (v=0, J=0)—~YH+H
as a function of relative collision energy below 100 kea¥/mol. Cir-
cles, diamonds, and triangles comespond to Y=H, T, and X=20
amu, respectively. The 68% confidence limits are shown selec-
tively.
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Figure 4. Intermolecular isotope effects, l;, defined in Eq. 7 and
reorientation effects on I; in the reaction of Y+H; (v=0, J=0)—
YH+H as a function of relative collision energy below 100 kcal/
mol. The left panel shows I{T)=Qu(T+H,)/Qp(H+H,) and the
right panel shows 1{X)=Qg(X+H,)/Qp(H+H;) where X is a fic-
titious hydrogen isotope atom with 20 amu. Circles and di-
amonds correspond to I; and reorientation effect, respectively.
The gap between diamond and circles at each collision energy
comesponds to the recrossing effect on Ir.
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more vibrational ZPE is available for crossing the barrier to
reaction at smaller skew angles for thig particular PES.
However, in our calculations for three reactions of Y+H, (v
=-1/2, J=0) (that is, there is no ZPE) we obtained the
same order of thresholds. Thus, Mayne's explanation may
not be reliable in this case. To get the lowest threshold in
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some reaction, it is necessary for the reaction to follow the
minimum energy path on the PES. Yet we can never expect
the system to follow the minimum energy path. We would
expect only that the system follows it as closely as possible.
In order for this to happen, the radial velocity of the in-
coming atom must be as slow as possible. The reduced
masses in three reactions are [yy=0.67, PUru=1.81, pyy=2.75
amu. At a given collision energy, the relative radial velo-
cities for the incoming atoms H, T, and X are in the ratio 1:
0.74:0.6. As the incoming atom becomes heavier the tra-
jectory can follow the minimum energy path more closely.
In terms of traditional “mass weighted coordinates’ des-
cription, as the incoming atom becomes heavier the skew
angle becomes smaller but the product valley becomes re-
markably wider. Thus, the translational energy can be used
more efficiently to overcome the barrier for the broad pro-
duct valley than for the narrow product valley. In addition,
according to Mayne' suggestion,” it may be true that the vi-
brational ZPE is more efficient to cross the barrier for the
heavier incoming atom. However, it may not be due to the
smaller skew angle but due to the slower radial velocity of
the heavier incoming atom.

Now we get back to discuss the intermolecular isatope ef-
fect. Mayne suggested that I is caused only because the
molecule has more time to reorient toward favorable align-
ment for the heavier incoming atom due to the heavier
reduced mass, We agree with Mayne's explanation and
prove it as follows. Table 1 shows the average values of y
(see Fig. 1) and the average values of bond length of Hy,
<r>,, for reactive trajectories at various R in three reactions
at E=10 kcal/mol. In all three isotope cases the average
values of the bond length of H, for reactive trajectories and
total trajectories increase dramatically from <r>=0.77 A at
R=1.7 A to <r>=1.03 A at R=0.93 A. At this low collision
energy <r>, is little influenced by the isotopic substitution

Table 1. Properties of collision of Y+H, (v=0, J=0} at E=10
kcal/mal®

Y R=l7A 15A 13A 11A 10A 0934

<rZa (A}h

H 0773 0786 0817 (0.881 0948 1.020

T 0780 0.785 0.816 0.869 0949 1.033

X 0776 0794 0812 0882 0963 1.034

<r>, (AY

H 0766 0.788 (0.799 0.858 (0958 1.023

T 0779 0770 0.81¢ (.857 0950 1.032

X 0778 0779 0803 0867 0964 1.034

<y>, (degree)’

H 283 285 28.1 255 225 20.3

T 334 331 322 24.4 19.1 18.2

X 373 36.6 34.1 223 17.2 16.0
“A total of 7,000 quasiclassical trajectories were computed with
a maximum impact patameter b,.=1.8 A, "The average value of
the H-H bond length 1 for all trajectories which reach a given Y-
H bond length R. “The X is a fictitious hydrogen isotope atom
with the mass of 20 amu. “The average value of r for all reactive
trajectories at R. ‘The average value of the Y-H-H bond y angle

for all reactive trajectories at R. Linear Y-H-H corresponds to v=
0°.
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for the incoming atom. One can know easily that the po-
tential V(Rew, X) changes from nearly yx-independent type
into strongly oblate as the incoming atom approaches the H,
molecule, by comparing <> at each R with Figure 2. The
oblate type potential tends to reorient''™" the trajectory into
the collinear during the collision. The average values of v,
<Y>, for only reactive trajectories in Table 1 decrease as
the collision progresses. The decrease in <y>, during the col-
lision is more serious for the heavier incoming atom than
for the lighter one. For example, <y>, is reduced by 8° for
the incoming H atom but it is reduced by 21.3° for the in-
coming X atom as the value of R decreases from 1.7 to 0.93
A. As discussed by other authors,""* this is due to the fact
that the H, molecule has more time to reorient itself to-
wards favorable orientation for the heavier incoming atom
than for the lighter one on the oblate potential energy sur-
face. The reorientation contribution to Iy is shown in Figure
4 (in diamonds). The reorientation contribution is reduced
considerably as the collision energy increases. Below E=30
kcal/mol I; is influenced mainly by the reorientation, but a-
bove E=30 kcal/mol I starts to be affected considerably by
the other factor (“recrossing”) which contributes to Iy by
the gaps between circles and diamonds in Figure 4. We det-
ermined the reaction probability Py, defined in Eq. (5), as a
function of relative collision energy for three reactions
shown in Figure 5. Around threshold Py is unity or near un-
ity in all three reactions. But, as the collision energy in-
creases, Pp decreases more seriously for the lighter in-
coming atom. In order to understand the behaviors of Py in
the three isotope reactions we determined the average
values of the bond length of H, for all trajectories which
reach each R, <r>,, at E=50 and 100 kcal/mol as shown in
Table 2. Unlike E=10 kcal/mol at which <r>,, at each R is
very close to each other in the three reactions, <r>,, at each

Pr o%iiﬁ

048 b 1 0,
0 20 40 60 80 100

E (kcal/mol)

Figure 5. Reaction probability, Py, defined in Eq. 5 plotted
against the relative collision energy below 100 kcal/mo] for Y+H,
(v=0, J=0)— YH+H. Circles, diamonds, and triangles correspond
to Y=H, T, and X=20 amu, respectively. The 68% confidence
limits are shown selectively.
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Table 2, Aaverage bond length of H; in collisions of Y+H, (v=
0, J=0) at E=50 and 100 kcal/mol’

Y RL7A15A 13A 114X 10A 093 A

E=50 kcal/mol
0.769 0774 0.785 1.809 (3.833 0.894
0.7711 0.775 (.784 0.814 0.852 0919
0772 0778 0.785 0814 0856 0.936
E=100 kcal/mol
H 0.768 0.770 0.777 0792 0.803 0.816
T 0768 0773 0.781 (.800 0.814 0.873
X 0.769 0.774 0.785 0.801 0.819 0.906

*A total of 7,000 quasiclassical trajectaries were computed with
a maximum impact parameter b,,<1.8 A. The entry is the av-
erage value of the H-H bond length r for all trajectories which
reach a given Y-H bond length R. "The X is a fictitious hy-
drogen isotope atom with the mass of 2¢ amu.

=T

R is shorter for the lighter incoming atom than for the heavi-
er one at E=50 and 100 kcal/mol, in particular near the tran-
sition state. The differences between <r>, in H+H,, and in
X+H; at R=R*=0.93 A are 0.02, 0.042, and 0.109 A at E=
10, 50, and 100 kcal/mol, respectively. That is, they be-
come larger with increase in the relative collision energy. In
our opinion, those differences of <r>, at R=R' mainly
cause the fremendous differences of reaction probabilities in
three reactions, even though there is possibility that the
smaller skew angle albeit the broader exit valley in the
heavier incoming isotope atom gives the high reaction pro-
bability.

The intramolecular isotope effect in reactions H
(T)+HD (v=0, J=0). To better understand reactions H
(T)+HD (v=0, J=0) it is useful to examine PES for fixed
as a function of Rey and y (see Fig. 6) for the isotope sub-
stitution. We show in Figure 7 plots for H+HD of the pa-
tential contours V(Rey, X) for r=0.7414 and 0.923 A.
Komweitz ef al.'* showed analytically how the shift of the
center of mass of molecule from the center of charge due to
the isotopic atom affects the potential contours. The po-
tential contours are always recessed more from the barrier
region for the heavier isotopic atom end. In addition, the
open angle of the cone of acceptance with respect to x is
wider in the heavier atom than in the lighter atom.

Figure 8 shows the reaction cross sections as a function
of relative collision energy in reactions H+HD (v=0, J=
0% and T+HD (v=0, J=0).%%" The total reaction cross

H

Figure 6. Various coordinates for a collision of H+HY.
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note of Fig. 2.
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Figure 8. Reaction cross sections for H+HD (v=0, J=0) (left
panel) and T+HD (v=0, J=0) (right panel) plotted against the re-
lative collision energy below 150 keal/mel. In both panels circles
and diamonds correspond to HD({TD) and H,(TH), respectively.
The 68% confidence limits are shown alternatively.

section (the sum of reaction cross sections for TH and TD)
in reaction T+HD is always bigger than that in reaction H+
HD at the same collision energy. This intermolecular iso-
tope effect can be described by the similar explanation dis-
cussed for the reactions (3). In both reactions the lighter
atom H of the HD molecule is preferentially abstracted near
threshold. This phenomenon was also seen for reactions of
O(P)+HD,' F+HD,’ and CI+HD." In reaction of Cl+HD (v
=0, J=0)"° we showed that the fact that the lighter H atom
is preferentially abstracted near threshold is due to the vi-
brational zero-point- energy (ZPE) of the reagent that near
threshold dominates the other several factors which make
the heavier D atom be preferentially abstracted. This ar-
gument is also pertinent in reactions of H(T)+HD. (If the
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Table 3. The average value of the bond angle v for all reactive
trajectories at each R in collisions of H+HD (v=0, J=0) and T+
HD (=0, J=0) at E=12 kcal/mol’

System R=17A 15A 13A 11A 0934
274 27.4 27.4 275 25.7
32.1 31.7 30.9 287 233

325 331 340 317 23.0
386 376 353 217 20.1

H+HD

T+HD

“A total of 7,000 quasiclassical trajectories were computed with
a maximum impact parameter b,.=18 A. In each system the
upper entry refers to the average value of the H-H-D or T-H-D
bond angle vy for all reactive trajectories at R and the lower entry
refers to the average value of the H-D-H or T-D-H angle ¥ for
all reactive trajectories at R. Linear H-H-D and H-D-H or T-H-D
and T-D-H correspond to y=0". The unit of entry is degree.
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Figure 9. Intramofecular isotope effects, I, defined in Eq. 6
and the effects of various factors on Iz for H+HD (v=0, J=0)
(upper panel) and T+HD (v=0, J=0) (lower panel) plotted against
the relative collision energy below 150 kcal/mol. In both panels
circles and diamonds represent I and the reorientation effect,
respectively. Below E=40 kcal/mol the gap between cross and di-
amond at each collision energy denotes the recrossing effect.
Abave E=50 kcal/mol the gap between cross and diamond at
each collision energy corresponds to the recrossing effect and the
gap between circle and cross comesponds to the effect of the
knockout reaction on [;. The 68% confidence limits are shown
selectively.

ZPE is assumed to be zero in reactions of H{T)+HD, the
heavier D atom is always preferentially abstracted, even
near threshold.) Well above threshold, the incoming atom fa-
vors the heavier D atom over the lighter H atom. Several
factors that make the incoming atom favor the heavier atom
over the lighter H atom at energies well above threshold



640 Bull Korean Chem. Soc. 1998, Vol. 19, No. 6

have been proposed by Levine and coworkers>'* and our
earlier works."'° The first factor is the potential V(Rey, %)
difference between in the heavier atom D end and in the
lighter atom H end due to the shift of the center of mass
from the center of charge of the HD molecule to near the D
end. Second, the repulsive potential between the incoming
atom and the HD molecule for the oblique approach of the
incoming atom to the HD molecule. Third, the “recrossing”,
that is, the trajectory crosses the activation barrier but gets
back into the reactant channel. Fourth, the knockout reac-
tions where the incoming atom first hits H(D) but reacts
with D(H). Here, the first two factors are considered as the
‘reorientation” effect. The relative importance of reo-
rientation effect is shown nicely in Table 3 that shows the
average values <y>, for reactive collisions at various values
of R in the reactions of H+HD and T+HD at E=12 kcal/
mol. For the reaction of H+HD, as the incoming H atom ap-
proaches the H end of HD molecule from R=1.7 to 0.93 A,
<y>, is nearly constant at around 27°, whereas it is reduced
by some 9° as the incoming H atom approaches the D end.
And in the reaction of T+HD, as the incoming T atom ap-
proaches the H end from R=1.7 to 0.93 A <y>, is decreased
by 9.5° but it is decreased by 18.5° when the T atom
progresses to the D end. Thus, <y», decreases much more
for the approaching of the incoming atom to the D end of
HD molecule than to the H end. This causes the reo-
rientation effect which contributes mainly to I; at low col-
lision energy. In the present paper we have tried to separate
them in order to see how much each factor contributes to
the intramolecular isotope effect, Iz. The results are shown
in Figure 9. In Figure 9, the gap between cross and di-
amond at each collision energy denotes the recrossing effect
below E=40 kcal/mol, the gap between cross and diamond
at each collision energy corresponds to the recrossing effect,
and the gap between circle and cross comresponds to the ef-
fect of the knockout reaction on Iy above E=50 kcal/mol. In
both reactions I starts from zero, continues to increase with
increase in relative collision energy, reaches a maximum
around E=80 kcal/mol, and then decrease rapidly. Yet, I; is
always somewhat smaller in reaction of H+HD than in reac-
tion of T+HD at the same collision energy. As shown in
Figure 9 and Table 3, this is mainly due to the difference in
reorientation effect between the two reactants. That is, the
reorientation effect is relatively smaller in reaction of H+
HD than in reaction of T+HD, because the H atom ap-
proaches the HD molecule faster than the T atom does. In
both reactions the effect of recrossing on I increases as the
collision energy increases. The effect of recrossing on Iy in
reaction of H+HD is relatively more important than that of
reorientation, whereas the reverse is true in reaction of T+
HD below E=50 kecal/mol. In both reactions the knockout
reaction starts to contribute to Iy at E=50 kcal/mol and it is
a primary factor which causes I > 1 around E=100 kcal/mol.

Conclusions

We carried out the QCT calculations for the reaction of
H+H, and its isotope variants in order to understand the int-
er- and intramolecular isotope effects at low collision en-
ergy (E < 100 kcal/mol). Our work confirms that the in-
termolecular isotope effect in the reactions of Y+H, (where

Ju Beom Song

Y is H or its isotope atom) is caused mainly by reo-
rientation effect below E=30 kcal/mol. Above E=30 kcal/
mol the recrossing contributes to the intermolecular isotope
effect. In addition, we concluded that the tower threshold en-
ergies for the reactions with the heavier incoming atom is
not due to the vibrational zero-point energy but due to the
slower radial velocity because of the heavier reduced mass.
For the reactions at high energies, the intermolecular iso-
tope effect is explained by the pairwise energy model. For
the intramolecular isotope effect in the reactions of H+HD
and T+HD, we reached the same conclusions as in the sys-
tems OCP)+HD, F+HD, and Cl+HD. That is, the in-
tramalecular isotope effect below E=100 kcal/mol is con-
tributed by reorientation, recrossing, and knockout type reac-
tions.
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