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A TRIAL MONTE CARLO TRAJECTORY CALCULATION

OF THE RATE CONSTANTS FOR THE REACTIONS H2+I AND H,+I
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A thermal rate constant k(T) is computed by the conditional
Monte Carlo trajectory method. Characteristic of this method is
that it reduces the trajectory data directly to k(T) without
explicit calculation of the cross sections. Reaction systems
H2+I — HI+H and H2+12—+ 2HI are studied as examples.

The conventional numerical calculation of reaction rate by the Monte Carlo
method generally requires a large number of trajectory data. In the standard
Monte Carlo procedure (i.e. analog Monte Carlo), some cross sections 6(Et,j,v)
are first computed at relative translational energy Et in a rotation-vibrational
state (j,v) of reactants. Then a thermal reaction rate constant k(T) is obtained
by numerically averaging the cross sections multiplied by the relative velocity
over thermal distribution densities of (Et,j,v) at a given temperature T. The
number of cross sections corresponds to that of sets of (Et,j,v)- If the number
of necessary sets for the above calculation is small like as the H+H2 systemn,
the total amount of trajectories may be within the limits of that procedure.
However, it is scarcely possible to encounter this luck. The vibration-rotation-
al energy levels of a popular diatomic molecule are very close just as the 12
molecule, In the conventional studies, this difficulfy has been escaped by calcu-
lating the rotationally averaged cross sections d(Et,v) at one temperature,

This approach reduces the number of sets of (Et,j,V), though it neglects the ro-
tational temperature effect on the reaction rate. We attempt to avoid these
difficulties as below.

The rate ka,b(T) for a reaction channel such that an initial reactigngiystem
a (AB+C or AB+CD) goes to a final product system b can be represented by’

Ko p(D) = N, 2/ Y2 (1) 2, P, 72 = &(2iexn(-(2,E,) /D)

o0
X jO Ga,b(Etyjyv)exp("Et/kBT)EtdEta (1)

where N, is Avogadro's number, kB is the Boltzmann constant, p is the reduced
Fib and Qrot are the partition functions for the vibration
and the rotation system characterized by typical quantum numbers v and j, respec-

mass of the a system, Q
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tively, and €; is the statistical weight of rotational state j. dé,b(Et,j,v) is
the cross section of channel a — b and includes some integrals over impact
parameter and initial phases of internal motions of reactants., Then Equation (1)
seems to be directly computable by the analog Monte Carlo trajectory method.
However, this attempt meets with failure for many interesting reactive collisions.
Most of collisions have the smaller energy than the threshold one and are not re-
active., Therefore the analog Monte Carlo method can not give accurate results.

We have introduced the conditional Monte Carlo method3) into the computation
of reaction rate i.e. Equation (1). An expected value of the probability Pr(x)

observing a variables x is expressibles as
1
SOGPr(x)G'(x)dx = SO Pr(x)dc(x), (2)
0

vhere G(x) and G'(x) are the natural distribution and density functions, respective-
ly. The above integral can be transformed by the conditional distribution func-

tion F(x) and estimated by applying the conditional Monte Carlo method as follows.
1 Pr(x) '(x) ar(x) = :E Pr(x;) o lxy) (3)
So '7_)' N _"(—7

where Xy is i-th variable in N—sampllngs of the conditional Monte Carlo method and
F'(x) is the conditional density function. Equation (3) represents the possibil-
ity that a natural distribution is modulated to a conditional distribution for
the purpose of computing with less numerous samples. This modulation has been
useful to choose an impact parameter.1’4) In reality, the majority of trajecto-
ries lead to a nonreactive channel because they have the smaller relative trans-
lational energy than the threshold one at our objective temperature. Therefore,
the conditional Monte Carlo integral procedure can bring forth proper values of
the reaction rate constants with fewer trajectories than can the analog Monte
Carlo.

We have computed the rates of reactions H2+I — HI+H and H2+I2 —» 2HI as
examples., The conditional distribution functions that we used to choose impact

parameter b and the relative translational energy Et are listed in Table 1.

Table 1. Conditional distribution functions

Variable Distribution function F
< a)
b/bmax for O"b'<bmax
Impact parameter b F(b) = {
<
1 for bmax' b )
a
E,/E for 04 E,_<E
Relative translational F(E,) t 7 t, max t t,max
energy Et -
1 for Et,maxéﬁt

a) Employed values, b : 5.5 a,u. for Hy+I and 8.0 a.u. for HytIo,

max”’
Et,max’ 50 ~100 kcal/mol.
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The initial phase of every intramolecular motion, the rotational gquantum number

of each molecule, and the vibrational quantum number of 12 were all determined

by the analog Monte Carlo method. The vibrational gquantum number of H2 was fixed.
Each distribution function G of the rotation-vibrational energy levels was charac-
terized by thermal equilibrium conditions. After the initial values of a system
having been selected at a given temperature T, each trajectory was computed by the

5) The trajectory calculations were performed on a FACOM M-190

standard technique.
computer, using the fifth-order Adams-Moulton routine with a time increment of
2x1078 s, Avout 2000 trajectories for H,
H2+I2 were run at carried out by the conditional Monte Carlo integration proce-
dure, to obtain the thermal reaction rate k(T,v) at initial vibrational quantum

+I and about 1000 trajectories for

number v of Hy. Figure 1 shows the calculated values of k(T,v). The potential
surfaces employed in this study are identical with those given in references 1
and 5.

The overall thermal rate constant kO(T) at T is given by

_ -1
ko (1) = Qi %k(T,V)eXP(—EV/kBT), (4)
- ® V=0
i A V=1
[ O vVv=2
10.0F
W [
1
g 50
mE o
U -
3 |
> |
< 0.0}
B 5
B -
SO H(v)+1» HI+H
-100
0.5 1.0 1.5 2.0 0.5 1.0 15 20

1000/T K 1000/T K

Fig. 1. Arrhenius plots of k(T,v). The points (Q, A and 0)
represent the calculated values of k(T,v). The straight lines are
the least-squares ones.



346 Chemistry Letters, 1979
where Qvib is the partition function for the vibration system of H2. Arrhenius
plots of ko(T) are shown in Figure 2. The slope of the Arrhenius plot for

H2+I —> HI+H yields an activation energy 35.2 kcal/mol, which compares well with
34.2 kcal/mol obtained by Porter et al.l) For the reaction H,+I, — 2HI, an ac-
tivation energy of 52.6 kcal/mol was obtained.

It has been supposed that the procedure by which the reaction rate constants
are computed directly from the data of trajectories without calculating the cross
sections appears to be useful. However, it could not be performed by the analog
Monte Carlo method. Consequently, we developed it by use of the conditional
Monte Carlo method. The results of two example calculations are in fair agree-
ment with the Arrhenius law. This indicates that the present method is avail-
able for the calculation of the reaction rate constant. Furthermore, we may
expect its application to complex collisions of large polyatomic molecules to
be particularly fruitful.
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Fig. 2. Arrhenius plots of ko(T). The points
(@ and A ) represent the calculated values of ko(‘l').
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