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Classical trajectory calculations for various atom-diatomic molecules were preformed using the
three-dimensional Monte Carlo method. The reaction probabilities, cross-sections and rate constants
of several systems were calculated. Equations of motion, which predict the positions and momenta
of the colliding particles after each step, have been integrated numerically by the Runge-Kutta-Gill
and Adams-Moulton methods. Morse potential energy surfaces were used to describe the interaction
between the atom and each atom in the diatomic molecules. The results were compared with experi-
mental ones and with other theoretical values. Good agreement was obtained between calculated rate
constants and those obtained experimentally. Also, reasonable agreement was observed with theo-
retical rate constants obtained by other investigators using different calculation methods. The effects
of the temperature, the nature of the colliding particles and the thermochemistry were studied. The
results showed a strong dependence of the reaction rates on these factors.
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1. Introduction

Collisions between molecules or between atoms and
molecules are important events from the physical and
chemical points of view. They may be elastic or inelas-
tic. Inelastic collisions involve the field of reactive col-
lisions which is of particular importance and interest:
chemical reactions between atoms and molecules can
be studied using theoretical methods. For reactive col-
lisions between an atom (A) and a diatomic molecule
(BC), the process is simplified by bond breaking of BC
and bond formation of AB or AC. Such collisions can
be studied using quantum, classical or semi-classical
mechanical methods. The quantum mechanical solu-
tion is done by solving the Schrödinger equation;
ĤΨ = EΨ , where Ĥ is the Hamiltonian operator,Ψ the
wave function and E the energy. Solving this equation
is difficult because an exact wave function for the sys-
tem is hard to find. On the other hand, classical meth-
ods of calculation are easier to carry out, and they are
well established. The classical solution involves clas-
sical trajectories by solving Hamilton’s equations of
motion in order to determine the position and the mo-
mentum of each of the colliding particles in every step
of the trajectory during the collision. In the present
work, a semi-classical method was employed, in which
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classical trajectories evolving on potential surfaces,
whose parameters are determined quantum mechani-
cally, were used.

The classical trajectories method has been widely
used to study reactive collisions between atoms and
diatomic molecules [1 – 17]. It provides a reliable
method for the calculation of the reaction probability,
from which the reaction cross-section and rate constant
can be calculated. This method is frequently used to
compare theoretical with experimental results. Several
calculations in this category have been reported; Zuhrt
et al. [1] used quasi-classical trajectory (QCT) calcu-
lations for the reaction of He + H2

+. They studied the
effect of the reactants’ translational, vibrational, and
rotational energies on reaction cross-sections. Their re-
sults showed that higher vibrational energy of the di-
atomic molecule is more effective in promoting the
reaction than translational energy. Using their ab ini-
tio potential energy surface, Lester and Schinke [2]
reported rate constant calculations for the reaction of
O(3P) with H2. Their calculations were in good agree-
ment with the experimental rate constant at 302 K. Us-
ing classical trajectory calculations, Luntz et al. [3]
reported a study of the upper atmosphere reaction:
O(1D) + H2. The objective of their study was to pre-
dict the dynamics of the reaction and to compare the
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results with values obtained using scattering calcula-
tions. The ion-molecule reaction: O− + D2, was studied
at relatively high energies by Herbst et al. [4]. Jaffe [5]
reported theoretical rate constants for the atmospheri-
cally important reaction: ClO + O, using classical tra-
jectory calculations. The calculated rate constant and
activation energy were found to be in good agree-
ment with the experimental values. Persky [6] reported
the rate constants, isotope effects, and energy disposal
features for the Cl + HD reaction. Semi-classical cal-
culations of the thermal rate constants in full Carte-
sian space for the reaction: D + H2 →DH + H, were
performed by Yamamoto and Miller [7]. A paper on
the comparative role of the potential energy surface
in classical, semi-classical and quantum mechanical
calculations for atom-diatomic reactive collisions has
been published by Judson et al. [8]. Thompson et al. [9]
did cross-section calculations for the complex forma-
tion in H + OH collisions. Hutchinson and Wyatt [10]
studied the collinear collision for the reaction F + H2,
to investigate the classical versus quantum and classi-
cal versus statistical behaviour of the reaction. A three-
dimensional (3-D) quasi-classical trajectory study to
evaluate the rate constants of the reactions: H + ClF,
F + HCl, D + ClF, F + DCl, was presented by Sayos et
al. [11]. Using a quasi-classical trajectory, Truhlar [12]
discussed the reliability of several practical techniques
for computing the equilibrium rate constant of the re-
actions: H + H2, Cl + H2, H + Cl2, F + H2, I + H2, and
their isotopic analogues within 300 – 1500 K. Paul et
al. [13] studied the isotope dependence of the O + O2
exchange reaction by means of kinetic experiments
and by classical trajectory calculations. Their mea-
surements confirmed a previously reported negative
temperature dependence. They reported rate coeffi-
cients for the exothermic 18O + 16O2 →18O16O + 16O
and the endothermic 16O + 18O2 →16O18O + 18O re-
action between 233 and 253 K. Gray and Truh-
lar [14] studied the thermal collinear reaction rates
for H + Cl2 →HCl + Cl using trajectory calculations.
Connor et al. [15] compared a quasi-classical tran-
sition state theory and quantum mechanical calcula-
tions of the rate constants and the activation energies
for the collinear reaction: X + F2 →XF + F, where X =
Mu, H, D, T. Direct Monte Carlo quasi-classical tra-
jectory calculations were performed by Muckerman
and Faist [16] to calculate the rate constants for three
chemical reactions: F + H2, Cl + H2, and O(3P) + H2, at
several temperatures. Porter et al. [17] used a quasi-
classical procedure for the examination of the colli-

sion dynamics of H + H2 reactions by means of Monte
Carlo averages over a large number of classical trajec-
tories. The total reaction cross-section was determined
as a function of initial relative velocity and the initial
molecular vibrational-rotational state.

In the present work, the reaction probability, of sev-
eral systems was studied for atom-diatomic molecule
collisions using the Monte Carlo semi-classical trajec-
tory method. Morse potential energy surfaces were ap-
plied for the interactions between the atom and the di-
atomic molecule. The probability of the reaction, the
reaction cross-section and the rate constant were cal-
culated for various initial values of the dynamical vari-
ables. The calculated values were compared with ex-
perimental values. All calculations were performed us-
ing a FORTRAN compiler from Salford University.

2. Method of Calculation

The use of the classical trajectory method to calcu-
late reaction probabilities involves solving numerically
Hamilton’s equations of motion for the colliding parti-
cles. Hamilton’s equations for the generalized coordi-
nates Q j and momenta Pj are given by

dQ j

dt
= Q̇ j =

∂H ′

∂Pj
=

∂T
∂Pj

,

dPj

dt
= Ṗ j = − ∂H ′

∂Q j
= − ∂V

∂Q j
,

(1)

where H ′ is the classical Hamiltonian that equals to the
sum of the kinetic energy operator, T , and the potential
energy operator, V . The numerical integration solution
of Hamilton’s equations determines the position, Q j,
and the momentum, Pj, for each particle as a func-
tion of time during the pathway of the trajectory. For
a three-body system with the atom A and the atoms B
and C of the molecule BC, the point masses mA, mB
and mC, the Cartesian coordinates (q1 , q2, q3), (q4, q5,
q6) and (q7, q8, q9), and the conjugate momenta (p1,
p2, p3), (p4, p5, p6) and (p7, p8, p9), respectively, the
Hamiltonian function of a potential V (q1,q2, . . . ,q9)
has the form

H ′ =
1

2mA

3

∑
i=1

p2
i +

1
2mB

6

∑
i=4

p2
i

+
1

2mC

9

∑
i=7

p2
i +V(q1,q2, . . . ,q9).

(2)

Simplification of the problem can be done by using rel-
ative coordinates and momenta (Q′s and P′s) instead of
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absolute coordinates and momenta (q′s and p′s). This
reduces the number of parameters to be solved from 18
to 12. Relative coordinates are related to absolute co-
ordinates by the relations

Q j = q j+6 −q j+3,

Q j+3 = q j − (mBq j+3 + mCq j+6)/(mB + mC),

Q j+6 = (1/M)
(
mAq j + mBq j+3 + mCq j+6

)
( j = 1,2,3),

(3)

where M = mA +mB +mC. Also, the relations between
the relative and absolute momenta are given by

pi = Pi+3 +(mA/M)Pi+6,

pi+3 = −Pi − [mB/(mB + mC)]Pi+3

+(mB/M)Pi+6,

pi+6 = Pi − [mC/(mB + mC)]Pi+3

+(mC/M)Pi+6 (i = 1,2,3).

(4)

Here, the coordinate system is the same as the one em-
ployed by Porter et al. [17]. Using relative coordinates
and momenta, (2) becomes

H ′ =
1

2µBC

3

∑
j=1

P2
j +

1
2µA,BC

6

∑
j=4

P2
j

+V(Q1, . . . ,Q6),

(5)

where µBC is the reduced mass of the atoms B and C
and µA,BC is the reduced mass of the atom A and the
molecule BC. In (5), (Q1, Q2, Q3), (P1, P2, P3) rep-
resent the Cartesian coordinates and conjugate mo-
menta, respectively, of atom B with respect to atom C
as origin, and (Q4, Q5, Q6), (P4, P5, P6) are the Carte-
sian coordinates and conjugate momenta of atom A
with respect to the centre of mass of the pair (B, C)
as origin. The interatomic separations: A – B (R1), B –
C (R2), and A – C (R3), are related to coordinates Q j
( j = 1,2, . . . ,6) by the relations

R1 =
[
(q4 −q1)2 +(q5 −q2)2 +(q6 −q3)2]1/2

=
[( mC

mB + mC
Q1 + Q4

)2
+

( mC

mB + mC
Q2 + Q5

)2

+
( mC

mB + mC
Q3 + Q6

)2]1/2
,

R2 =
[
(q7 −q4)2 +(q8 −q5)2 +(q9 −q6)2]1/2

= (Q2
1 + Q2

2 + Q2
3)

1/2,

R3 =
[
(q7 −q1)2 +(q8 −q2)2 +(q9 −q3)2]1/2

=
[( mB

mB + mC
Q1 −Q4

)2
+

( mB

mB + mC
Q2 −Q5

)2

+
( mB

mB + mC
Q3 −Q6

)2]1/2
. (6)

Using the chain rule

∂V
∂Q j

= ∑
k

∂V
∂Rk

∂Rk

∂Q j
, (7)

Hamilton’s equations of motion will have the form

Q̇ j = (1/µBC)Pj ( j = 1,2,3),

Q̇ j = (1/µA,BC)Pj ( j = 4,5,6),
(8)

−Ṗ j =
1

R1

mC

mB + mC

( mC

mB + mC
Q j + Q j+3

) ∂V
∂R1

+
Q j

R2

∂V
∂R2

+
1

R3

mB

mB + mC

(
mB

mB + mC
Q j −Q j+3

)
∂V
∂R3

( j = 1,2,3),

−Ṗ j =
1

R1

( mC

mB + mC
Q j + Q j+3

) ∂V
∂R1

− 1
R3

( mB

mB + mC
Q j −Q j+3

) ∂V
∂R3

( j = 4,5,6). (9)

From the above equation, the net Hamiltonian equa-
tions will be

H ′ =
1

2µBC

3

∑
j=1

P2
j +

1
2µA,BC

6

∑
j=4

P2
j

+V(R1,R2,R3)

(10)

with 12 simultaneous differential equations to be inte-
grated for the determination of the time variation of Q j
and Pj.

2.1. Initial Values of the Dynamical Variables

The twelve dynamical variables [Q j and Pj ( j =
1,2, . . . ,6)] have to be specified to define the initial
state of a collision trajectory. If the z-axis is chosen as
the direction of the initial relative velocity of atom A
towards the BC molecule (υrel), i. e. υrel = υz and
υx = υy = 0, then

Px = P0
4 = µA,BCυx = 0,

Py = P0
5 = µA,BCυy = 0,

Pz = P0
6 = µA,BCυz = µA,BCυrel,

(11)



162 H. M. Abdel-Halim and S. M. Jaafreh · Atom-Diatomic Molecule Collisions

with υrel equals to (2Etrans/µA,BC)1/2, where Etrans is
the translation energy. If the orientation of atom A and
the centre of mass of BC is chosen to be in the yz-plane,
then

Q0
4 = 0, Q0

5 = b, Q0
6 = −(R2

max −b2)1/2, (12)

where b is the impact parameter, which is the distance
of the closest approach of A from BC, and Rmax is
the initial distance between atom A and the centre of
the mass of BC. At this distance the interaction of A
with BC is negligible.

The orientation of BC is specified by the polar coor-
dinates, such that

Q0
1 = r sin θ cosφ ,

Q0
2 = r sin θ sinφ ,

Q0
3 = r cosθ ,

(13)

where r is the initial internuclear separation of the
molecule BC, and θ and φ are the angles that define
the orientation of BC in the three-atom polar coordi-
nate system. In the present work, the two classical turn-
ing points of the diatomic molecule (r±) were chosen
alternatively to be the initial values of r. From the clas-
sical point of view, at the turning points the molecu-
lar speed is zero. Hence, the probability of finding the
molecule at these points is maximal. This restriction
in the initial molecular internuclear distance consider-
ably simplifies the selection of the internal momentum
components for the molecule and produces no loss of
generality because of the alternative choice of the mini-
mum and maximum separations. For our own curiosity
reason, a micro-canonical simulation was tested. Us-
ing the same calculation method, a large number of
points between minimum and maximum separations
were tried. The results were averaged over the total
number of reactive trajectories. The method is tedious
and does not produce a significant improvement with
experimental values. To determine the values of r+
and r−, the vibrational potential energy for the di-
atomic molecule is represented by a Morse function,
and the values of (r±) that satisfy the following equa-
tion were found:

D2[1− exp{−α2(R2 −Re2)}]2
+J(J + 1)h̄2/2µBC = Eυ,J ,

(14)

where Eυ,J is the initial internal energy of the molecule
defined by the vibrational quantum number υ and

the rotational quantum numbers J. The constants D2,
α2, and Re2 are the spectroscopic constants of the
BC molecule.

The total internal molecular momentum P has two
components:

P2 = Pθ
2 + Pr

2, (15)

where Pθ
2 is the angular momentum that is perpendic-

ular to the bond BC, which is due to the rotational mo-
tion, and Pr

2 is the parallel momentum along the bond
direction and is due to the vibrational motion. The to-
tal momentum is related to its initial components by
the relation

P2 = (P0
1 )2 +(P0

2 )2 +(P0
3 )2. (16)

To completely specify the internal momentum com-
ponents, P0

j ( j = 1,2,3), an angle β is needed to be
fixed; β is the angle of the momentum vector relative
to an arbitrarily chosen vector that is perpendicular to
the molecular axis. If this vector is taken to be RRR×κκκ ,
where RRR points along the molecular axis and κκκ is the
unit vector in the z-direction, then

P0
1 = Pr sinθ cosφ −Pθ (sinφ cosβ + cosφ cosθ sinβ ),

P0
2 = Pr sinθ cosφ + Pθ (cosφ cosβ − sinφ cosθ sinβ ),

P0
3 = Pr cosφ + Pθ sinθ sinβ . (17)

At turning points there is no momentum component
along the bond direction. At this point the velocity is
zero and Pr = µA,BCυrel = 0. The total internal molecu-
lar momentum is simply related to the angular momen-
tum, such that

P2 = J(J + 1)h̄2/r2
±. (18)

Equation (17) becomes

P0
1 = −Pθ (sinφ cosβ + cosφ cosθ sinβ ),

P0
2 = Pθ (cosφ cosβ − sinφ cosθ sinβ ),

P0
3 = Pθ sin θ sinβ .

(19)

Thus, the initial state of a trajectory is defined by spec-
ifying values for the dynamical variables: r±, θ , φ ,
β , b, Rmax, J, υ , υrel, and the spectroscopic constants
for AB, BC, and AC. In the present work, the values of
θ , φ , β , and b were selected randomly by Monte Carlo
techniques [18], while values of the other parameters
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were assigned arbitrarily. The values of b, θ , φ , and β
are given by

b = bmaxξ 1/2, θ = 2ξ −1,

φ = 2πξ , β = 2πξ ,
(20)

where bmax is the maximum impact parameter beyond
which no significant interaction between A and BC oc-
curs, and ξ is a random number, obtained by using
random number generator software, having values be-
tween 0 and 1. The initial rotational and vibrational en-
ergies of the diatomic molecule were calculated from
the assigned J and υ values, such that

Erot = P2
θ /2µBC = (h̄2/2µBCr2

±)J(J + 1),

Evib = D2
[
1−{

1−α2(h̄2/2µBCD2)1/2}
· (υ + 1/2)

]
.

(21)

Here, the term for Evib was obtained from the solution
of the Schrödinger equation using the WKB approxi-
mation [19].

2.2. Potential Energy Surfaces

In the present work, Morse potential energy surfaces
are used to describe the interaction between atoms in-
volved in the collision process, given by

VAB = D1[1− exp{−α1(R1 −Re1)}]2 −D1,

VBC = D2[1− exp{−α2(R2 −Re2)}]2 −D2,

VAC = D3[1− exp{−α3(R3 −Re3)}]2 −D3,

(22)

where VAB, VBC and VAC are the potentials between
atom pairs (A – B), (B – C) and (A – C), respectively.
The constants D j, α j and Re j ( j = 1,3) are the spec-
troscopic constants for AB and AC molecules, respec-
tively.

After specifying the initial values of the dynami-
cal variables and choosing the potential energy sur-
faces between interacting atoms, the classical tra-
jectory can be started. Hamilton’s equations of mo-
tions were integrated numerically by the Runge-Kutta-
Gill [20] (RKG) fourth-order method and the Adams-
Moulton [20] (AM) corrector and predictor method. To
reduce computer time, the first five cycles of each tra-
jectory were done by the RKG method, then, the in-
tegration was shifted to a higher gear using the AM
method. The integration interval size used was chosen
between 2.15 · 10−15 and 2.15 · 10−16 s. The accuracy

of the numerical integration was checked by the fol-
lowing methods: First, by the constancy of the total en-
ergy throughout the trajectory, which serves as a crude
test for the integration accuracy for a non-reactive
collision. Second, by the back-integration method, in
which the direction of the momenta at the end of the
trajectory is reversed and then integrated back to the
initial state. Third, by comparing results of several tra-
jectories that have the same initial states but different
integration interval sizes.

2.3. Final State Analysis

As the trajectory proceeds, atom A starts moving
in steps towards the BC molecule. After each step,
new Q j

′s and Pj
′s ( j = 1,2, . . . ,6) are determined by

the numerical integration. The distance of A from the
centre of mass of BC keeps decreasing until it reaches
a minimum, at which the interaction of A with both B
and C is maximal. At this point the probability of a re-
action to occur is maximal. Depending on whether a
reaction occurs or not, an atom (A, B, C) starts moving
away from the molecule (BC, AC, AB) until it reaches
a distance where its interaction with both atoms of the
molecule is negligible. The trajectory ends when ei-
ther R1, R2 or R3 equals to or is greater than Rmax. At
the end of the trajectory, the potential values between
atomic pairs VAB, VBC and VAC determine whether a
reaction occurs or not. If VBC is greater than both VAB
and VAC, no reaction occurs. In this case atom A col-
lides and then flies away from the BC molecule. Here,
exchange of energy between A and BC may or may
not occur, depending on whether the collision is inelas-
tic or elastic, respectively. On the other hand, if VAB is
greater than both VBC and VAC, then a reaction occurs
and an AB molecule is produced. However, if VAC is
greatest, the molecule AC forms.

The final status of the system can be defined using
the final values of Q j and Pj ( j = 1,2, . . . ,6). For a non-
reactive collision, the final relative velocity of the free
atom A is determined from the final Pj

′s ( j = 1,2,3),
and it is given by

υ ′
j = [(mA +mB +mC)/mA(mB +mC)]Pj+3, (23)

where j = 1,2,3 correspond to the x-, y-, z-compo-
nents, respectively. The final relative energy is deter-
mined from the final relative velocity, given by

E ′
rel = 0.5µA,BC(υ ′2

x + υ ′2
y + υ ′2

z ). (24)
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The final angular momentum of the molecule BC is
determined from the final Q j

′s and Pj
′s ( j = 1,2,3),

such that

L′
x = Q2P3 −Q3P2,

L′
y = Q3P1 −Q1P3,

L′
z = Q1P2 −Q2P1.

(25)

From the final angular momentum of BC, the final rota-
tional energy of the molecule is determined; it is given
by

E ′
rot = (L′2

x + L′2
y + L′2

z )/2µBCRBC
2. (26)

The final internal energy, which is the sum of the rota-
tional and vibrational energy [19], is given by

E ′
int = [(P2

1 + P2
2 + P2

3 )/2µBC]+VM(RBC). (27)

And the final vibrational energy of the molecule is
given by

E ′
vib = E ′

int −E ′
rot. (28)

A similar treatment is applied for a reactive collision.
The free atom is B or C when the produced molecule
is AC or AB, respectively.

2.4. Reaction Probability, Cross-Section and Rate
Constant

In the trajectory, when the distance between atom A
and the centre of mass of the molecule BC is at a min-
imum, the interaction of A with both B and C has a
maximum value. At this point it is possible that the
interaction potential between A and B or between A
and C becomes greater than that between B and C. In
this case, the bond B-C will break and a bond will form
between A and B or A and C according to

A+ BC → AB+ C (VAB > VBC),
A+ BC → AC+ B (VAC > VBC).

(29)

The corresponding probabilities at a given tempera-
ture T , P(T ), are given by

PAB(T ) =
number of AB produced

total number of trajectories
,

PAC(T ) =
number of AC produced

total number of trajectories
.

(30)

The rate of the reaction in (29) is given by

R = k(T )[A][BC], (31)

where k(T ) is the rate constant. The reaction rate can
be calculated from the collision theory [21, 22], given
by

R = RCe−E0/kBT , (32)

where E0 is the barrier energy, which is the threshold
energy for the reaction to occur. For an exothermic re-
action, which is the case for most reactions studied in
the present work, E0 = 0. For endothermic reactions,
literature values of E0 were used. The collision rate of
the reaction, RC, is given by

RC = ῡrelσ [A][BC], (33)

where ῡrel is the average relative velocity, given by

ῡrel =
(

8kBT
πµA,BC

)1/2

, (34)

where σ is the collision cross-section, given by

σ = πd2. (35)

Here d is the collision diameter, such that

d = 0.5(dA + dBC), (36)

where dA and dBC are the collision diameter of atom A
and molecule BC.

Using (31) – (36), the rate constant is given by

k(T ) = ῡrelσe−E0/kBT . (37)

The collision theory treats molecules as structureless
spheres. The major problem with this model is that the
observed pre-exponential factor in (37) is some times
much smaller than the gas kinetic collision rate. Intro-
ducing the reaction cross-section σr solves the prob-
lem. The reaction cross-section is related to the colli-
sion cross-section by the relation

σr = P(T )σ , (38)

where P(T ) is the reaction probability, which has a
value between 0.0 and 1.0 and is given by

P(T )=
number of trajectories that lead to reaction

total number of trajectories
. (39)

Equation (37) becomes

k(T ) = ῡrelσre−E0/kBT . (40)

Equations (38) – (40) were used to calculate the reac-
tion cross-section, probability and rate constants for
systems studied in the present work.
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3. Results and Discussion

For each reactive collision studied a large number
of trajectories were performed to mimic the experi-
mental situation. Depending on the reaction tempera-
ture, the step size of integration selected, and other ini-
tial parameters, the number of trajectories performed
was between 10,000 – 60,000. The maximum number
of trajectories is chosen when there is no significant
change in the results produced (less than 2%). Only
“good trajectories” were included in the calculations.
A “good trajectory” is one that passes the accuracy
check (mentioned earlier) and has less than 1.0% er-
rors. Each trajectory is unique by the set of its initial
values of the dynamical variables, which were chosen
randomly. The spectroscopic constants for each atomic
pair were chosen carefully from literature [23 – 25].
Various values were reported. Only trusted and re-
peated values were selected. Effects of all spectro-
scopic constants of the molecule have been studied in
a previous work [19]. Regarding the well depth, we
did the calculations by varying its value by up to 10%.
We observed no significant change in the results. Con-
sidering this, and considering other sources of errors
mentioned earlier, we believe that our reported rate
constants have less than 3% errors. Unless otherwise
stated, the reactions were studied at 300 K. The initial
vibrational and rotational quantum numbers selected
for molecules were: υ = 0 and Jmax, where Jmax is
the rotational level of maximum population for the
molecule at a given temperature. The calculated re-
action probabilities and cross-sections for the systems
studied in the present work are shown in Table 1. Re-
sults of the calculations of rate constants, along with
experimental and other theoretical values obtained at
the same conditions, are shown in Table 2. Below are
details for each reactive collision studied.

3.1. Reactions of Hydrogen Atoms with Different
Diatomic Molecules

Rate constants of various reactions involving hy-
drogen or deuterium atoms were calculated. The re-
sults were compared with experimental values and/or
with other theoretical results calculated using different
methods. The reactions studied in this category were:

A) H + ClF → HF + Cl

This reaction was studied at 300 K. The barrier en-
ergy of this exothermic reaction is E0 = 0. A step

Table 1. Calculated probabilities and reaction cross-sections
for various collision partners at 300 K.

System P(T ) σr [Å2]

H + ClF → HF + Cl 0.0364 0.456
D + ClF → DF + Cl 0.0131 0.164
H + ClF → HCl + F 0.0954 1.20
D + ClF → DCl + F 0.103 1.30
H + ICl → HCl + I 0.0833 1.89
H + F2 → HF + F 0.0142 0.141
H + Cl2 → HCl + Cl 0.0559 0.977
F + HCl → HF + Cl 0.0999 1.24
F + DCl → DF + Cl 0.0891 1.10
F + HBr → HF + Br 0.485 6.88
F + HI → HF + I 0.394 6.63
F + H2 → HF + H 0.0571 0.378
Cl + HD → HCl + D 0.0711 0.670
Cl + DH → DCl + H 0.182 1.71
Cl + H2 → HCl + H 0.0797 0.751

size of 4.1 ·10−16 s throughout the trajectory was cho-
sen. An initial distance of 10.0 Å of H from the cen-
tre of mass of ClF with a maximum impact param-
eter (bmax) of 5.0 Å was selected. At these condi-
tions, with more than 60,000 trajectories computed,
the calculations yielded a probability of 0.0364 for
this reaction to occur with a reaction cross-section
of 0.456 Å2. The obtained rate constant for this reac-
tion was 11.6 · 10−12 cm3 molecule−1 s−1. This value
is in excellent agreement with the experimental value
of (12.0±1.0) ·10−12 cm3 molecule−1 s−1 reported by
Bykhalo and coworkers [26]. However, the agreement
is not as good with other experimental values [27, 28].
Discrepancies between experimental values are due to
different experimental techniques employed. This re-
action was also studied theoretically by other inves-
tigators [11] using 3D quasi-classical trajectory stud-
ies on a new (2A′) ab initio potential energy surface.
Poor agreement was observed between their calculated
rate constant [(6.7±0.10) ·10−12 cm3 molecule−1 s−1]
and the one obtained in this work. It is unwise to indi-
cate which calculation method is more accurate. Tak-
ing into consideration the complexity of the calcula-
tions in both procedures makes the difference between
the two results acceptable.

B) D + ClF → DF + Cl

This reaction was studied to see the isotope effect on
a reaction rate. Similar initial conditions as in the pre-
vious reaction were selected. The reaction probability
and cross-section are listed in Table 1. As expected, the
rate constant of the heavier isotope D, is smaller than
that of H. A value of 2.97 · 10−12 cm3 molecule−1 s−1

was obtained, which agrees well with the experimen-
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k(T ) [cm3 molecule−1 s−1]
System This work Experimental Other theoretical

H + ClF→HF + Cl 11.6 · 10−12 7.4 · 10−12 [27] (6.7 ± 0.10) · 10−12 [11]
(12.0 ± 1.0) · 10−12 [26]
5.2 · 10−12 [28]

D + ClF→DF + Cl 2.97 · 10−12 (3.3 ± 0.4) · 10−12 [26] (5.16 ± 0.22) · 10−12 [11]
H + ClF→HCl + F 3.03 · 10−11 3.2 · 10−11 [27] (2.65 ± 0.04) · 10−11 [11]

(2.9 ± 0.3) · 10−11 [26]
3.5 · 10−11 [28]

D + ClF→DCl + F 2.34 · 10−11 (2.8 ± 0.2) · 10−11 [26] (2.01 ± 0.04) · 10−11 [11]
H + ICl →HCl + I 4.76 · 10−11 4.94 · 10−11 [29]
H + F2 →HF + F 3.59 · 10−12 1.1 · 10−12 [29]

3.65 · 10−12 [30]
2.98 · 10−12 [31]
1.59 · 10−12 [32]

H + Cl2 →HCl + Cl 2.46 · 10−11 2.06 · 10−11 [29]
F + HCl→HF + Cl 8.82 · 10−12 (8.1 ± 0.5) · 10−12 [33] (7.87 ± 0.12) · 10−12 [11]

(8.2 ± 0.9) · 10−12 [34]
(7.2 ± 0.5) · 10−12 [35]

F + DCl→DF + Cl 7.83 · 10−12 (6.0 ± 0.7) · 10−12 [34] (4.35 ± 0.16) · 10−12 [11]
F + HBr→HF + Br 4.38 · 10−11 (4.5 ± 0.4) · 10−11 [36]
F + HI →HF + I 4.08 · 10−11 (4.09 ± 0.08) · 10−11 [36]
F + H2 →HF + H 7.06 · 10−12 (6.2 ± 0.4) · 10−12 [16]
Cl + HD→HCl + D 2.42 · 10−14 2.23 · 10−14 [6]
Cl + DH→DCl + H 7.82 · 10−14 8.95 · 10−15 [6]
Cl + H2 →HCl + H 1.83 · 10−14 (1.8 ± 0.3) · 10−14 [16]

2.29 · 10−14 [37]

Table 2. Calculated and experi-
mental rate constants. Numbers
in brackets are reference num-
bers. Rate constants obtained
in this work have an estimated
error of 3%.

tal rate of (3.3± 0.4) · 10−12 cm3 molecule−1 s−1, ob-
tained by Bykhalo and coworkers [26]. Our results
agree better with the experiment than the one obtained
theoretically by Sayos et al. [11]. Comparing our rates
of H and D with ClF yields a ratio of 3.9, which
is within the range of the experimental ratio (3.0 –
4.5) [26]. This agreement increases the faith in the ac-
curacy of the method applied in the present work.

C) H + ClF → HCl + F

The colliding particles here are the same as in
reaction H + ClF→HF + Cl, but with the formation
of HCl instead of HF. The purpose of studying
this system is to compare probabilities of forma-
tion of the two molecules HCl vs. HF. The calcu-
lations were performed under the same initial con-
ditions as in reaction 3.1.A. The probability of the
formation of HCl is 0.0954, and its rate constant
is 3.03 · 10−11 cm3 molecule−1 s−1. These are almost
three times larger than the corresponding values for the
formation of HF. Looking at (22), with DHCl is gen-
erally smaller than DHF, gives a potential value VHCl
larger than VHF at any distance throughout the trajec-
tory, which means a stronger attraction and hence a
favourable formation of HCl over HF. The experimen-
tal [26] ratio of the rate constants for the formation of

HCl vs. HF is the same as the calculated ratio. The
same agreement is also observed in the experimental
findings reported by Setser et al. [29]. From the rela-
tive infrared emission intensities of HCl and HF pro-
duced by the H + ClF reaction, they found a macro-
scopic branching ratio of 5.2 favouring the HCl chan-
nel. Comparing our calculated rate constant with other
calculated values [11] shows a reasonable agreement,
as shown in Table 2.

D) D + ClF → DCl + F

The calculated rate constant, at the same ini-
tial conditions as in previous reactions, is 2.34 ·
10−11 cm3 molecule−1 s−1. This agrees well with the
experimental value [26] and with other theoretical cal-
culations [11]. For the reactions H + ClF→HCl + F
and D + ClF→DCl + F, the calculated rate constant
predicts a small isotope effect, i. e. k(H+ClF)/k(D+ClF) =
1.29, which agrees well with the range of experimen-
tal values [26] of 0.87 – 1.23 and with other theoretical
calculations [11] of 1.32.

E) H + ICl → HCl + I

Due to the large size of the iodine atom, the cal-
culated reaction cross-section, hence the rate constant,
for this reaction is expected to be larger than the rate
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constant for the corresponding reaction H + ClF→
HCl + F. A value of 4.76 · 10−11 cm3 molecule−1 s−1

was obtained. This agrees well with the experimental
results of 4.94 ·10−11 cm3 molecule−1 s−1 reported by
Setser et al. [29].

F) H + F2 → HF + F and H + Cl2 → HCl + Cl

To study the effect of a diatomic molecule on the
reaction rate, the reaction of a hydrogen atom with
both F2 and Cl2 were studied. The calculated rate con-
stants for the formation of HF and HCl were found to
be 3.59 · 10−12 and 2.46 · 10−11 cm3 molecule−1 s−1,
respectively. The Cl-Cl bond is a weaker bond than
the F-F bond. Therefore, one would expect a higher
rate constant for HCl formation compared with HF
formation. This is in accord with our findings. Com-
paring the calculated rate constants with those ob-
tained experimentally [29 – 32], good agreements are
observed, as shown in Table 2. Comparing the ratio
of k(H+F2)/k(H+Cl2) = 0.146 found in the present work
with the range of experimental data (0.053 – 0.177)
shows a satisfying agreement between calculations and
experiments.

3.2. Reactions of Fluorine Atoms with Different
Diatomic Molecules

To study the effect of the nature of the isolated
atom A on the reactive collision with the BC molecule,
the rate constant for the reaction of F atoms with vari-
ous diatomic molecules have been studied. Simple hy-
drogen halide molecules (HX, where X = Cl, Br, I)
were selected for the study. Effects of various parame-
ters on rates are discussed below.

A) F + HCl → HF + Cl

The calculated reaction probability and cross-
section for this reaction are listed in Table 1.
At 300 K, the calculated rate constant was found to
be 8.82 · 10−12 cm3 molecule−1 s−1. Several investi-
gators studied this reaction experimentally. Wurzberg
et al. [33, 34] reported rate constants of (8.1± 0.5) ·
10−12 and (8.2 ± 0.9) · 10−12 cm3 molecule−1 s−1.
Moore et al. [35] reported a value of (7.2 ± 0.5) ·
10−12 cm3 molecule−1 s−1. The agreement between
our calculated value and the experimental ones is ob-
vious. This reaction was also studied theoretically by
Sayos et al. [11]. With the same set of initial condi-
tions as in the present work, they reported a rate con-
stant of (7.87±0.12) ·10−12 cm3 molecule−1 s−1. The
agreement with our rate constant is obvious.

Table 3. Calculated and experimental rate constants for the
reaction F + HCl → HF + Cl at different temperatures. Num-
bers in brackets are reference numbers. Rate constants ob-
tained in this work have an estimated error of 3%.

k(T ) [cm3 molecule−1 s−1]
T [K] This work Experimental

194 5.94 ·10−12 (6.92±0.68) ·10−12 [33]
223 6.85 ·10−12 (7.27±0.43) ·10−12 [33]
270 7.86 ·10−12 (7.52±0.70) ·10−12 [33]
298 8.57 ·10−12 (8.07±0.5) ·10−12 [36]

The dependence of the rate constant on the temper-
ature was studied. The calculated and the experimen-
tal rate constants at various temperatures are shown in
Table 3. The agreement between the two rates over a
temperature range is clear.

B) F + DCl → DF + Cl

The calculated rate constant for this reaction
at 300 K equals 7.83 · 10−12 cm3 molecule−1 s−1,
which agrees reasonably with both experimental [34]
and other theoretical work [11], as shown in Ta-
ble 2. For the reactions F + HCl→HF + Cl and
F + DCl→DF + Cl, the calculated rate constants pre-
dict a small isotope effect, i. e. k(H)/k(D) = 1.13, which
matches well with both the experimental ratio [34],
k(H)/k(D) = 1.37, and the theoretical ratio, k(H)/k(D) =
1.81, found by other investigators [11].

C) F + HBr → HF + Br and F + HI → HF + I

The reaction probabilities and cross-sections for
these two reactions are shown in Table 1. The
calculated rate constants were found to be 4.38 ·
10−11 cm3 molecule−1 s−1 (at 297 K) for the
F + HBr reaction and 4.08 · 10−11 cm3 molecule−1 s−1

(at 293 K) for the F + HI reaction. The two rate con-
stants have comparable values due to the comparability
of their spectroscopic constants. This agrees with what
was observed experimentally [36], as shown in Table 2.

3.3. Reactions of Fluorine and Chlorine Atoms with
Hydrogen Molecules

F + H2 → HF + H and Cl + H2 → HCl + H

Reaction probabilities, cross-sections and rate con-
stants for these two reactions were calculated at vari-
ous temperatures. At 300 K, the reaction probabilities
and cross-sections are shown in Table 1. According to
our discussion above (reaction H + ClF→HCl + F), re-
garding the Morse potential well depths for HF and
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k(T ) [cm3 molecule−1 s−1]
F + H2 → HF + H Cl + H2 → HCl + H

T [K] This work Others [16] This work Others [16] Others [37]

200 6.30 ·10−12 (2.0±0.1) ·10−12 1.34 ·10−15 — —
250 6.71 ·10−12 (4.0±0.3) ·10−12 5.27 ·10−15 (5.3±1.5) ·10−15 5.74 ·10−15

300 7.06 ·10−12 (6.2±0.4) ·10−12 1.83 ·10−14 (1.8±0.3) ·10−14 2.29 ·10−14

400 — — 0.994 ·10−13 (1.1±0.1) ·10−13 1.27 ·10−13

500 12.5 ·10−12 (14.0±0.0) ·10−12 2.78 ·10−13 (3.7±0.4) ·10−13 3.99 ·10−13

600 — — 6.91 ·10−13 (7.4±0.8) ·10−13 8.53 ·10−13

1000 34.8 ·10−12 (34.0±0.1) ·10−12 5.54 ·10−12 (4.8±0.4) ·10−12 —

Table 4. Calculated rate con-
stants for the reactions F + H2
→ HF + H and Cl + H2 →
HCl + H at different tempera-
tures. Rate constants obtained
in this work have an estimated
error of 3%.

HCl molecules, one would expect a higher probability
of formation for HCl than HF. This is what was found
in the calculations as shown in Table 1. The rate con-
stants of HF and HCl formation were calculated over
a wide temperature range (200 – 1000 K). Results of
our calculations along with calculated rates, obtained
by other investigators [16, 37], are shown in Table 4.
Even though both the reaction probability and cross-
section of HCl formation are higher than that for HF,
the rate constant for the reaction Cl + H2 →HCl + H is
between 1 – 3 orders of magnitude smaller than that
for the F + H2 →HF + H reaction. The reaction of H2
with Cl is a largely endothermic process, contrary to
its reaction with the F atom. This makes the reaction
with Cl much affected by the temperature. Its rate con-
stant increases by more than 4000 times between 200 K
and 1000 K, while the increment in the reaction rate
with F is only about five-fold over the same temper-
ature range. To compensate for the endothermicity of
the Cl + H2 reaction, a literature value [6] of the barrier
energy, E0 = 0.172 eV, was included in the calcula-
tions of the rate constant using (40). The agreement be-
tween our calculated rate constants and those reported
by other researchers is obvious over a wide range of
temperatures.

3.4. Reactions of Chlorine Atoms with Hydrogen
Molecules and their Isotope Analogues

The reaction of chlorine atoms with hydrogen
molecules is an endothermic process. A barrier energy
has to be included in the calculations of the rate con-
stant, as indicated in (40). Effects of temperature and
barrier energy on reactions rates were studied.

Cl + HD → HCl + D and Cl + DH → DCl + H

The barrier energies for these two endothermic reac-
tions are [6]: 0.156 eV and 0.210 eV, respectively. The
reaction probabilities and cross-sections are shown in
Table 1. At 300 K, their calculated rate constants,

Table 5. Calculated rate constants for the reactions Cl + HD
→ HCl + D and Cl + DH→DCl + H at different tempera-
tures. Rate constants obtained in this work have an estimated
error of 3%.

k(T ) [cm3 molecule−1 s−1]
Cl + HD → HCl + D Cl + DH → DCl + H

T [K] This work Others [6] This work Others [6]

250 6.61 ·10−15 5.73 ·10−15 1.48 ·10−15 1.76 ·10−15

300 2.42 ·10−14 2.23 ·10−14 7.82 ·10−15 8.95 ·10−15

400 1.24 ·10−13 1.29 ·10−13 6.62 ·10−14 7.27 ·10−14

500 3.46 ·10−13 3.87 ·10−13 2.22 ·10−13 2.67 ·10−13

in units of cm3 molecule−1 s−1, are: 2.42 · 10−14 and
7.82 · 10−14. The higher barrier energy for the for-
mation of DCl, compared with that for HCl, explains
its smaller rate. The rate constant for these two reac-
tions were calculated at several temperatures. Due to
its higher endothermicity, the rate constant for DCl for-
mation increases by 150 times by doubling the temper-
ature from 250 K to 500 K. Over the same temperature
range, the rate constant for HCl formation increases
only 50-fold. Results are shown in Table 5 along with
rates calculated by other researchers [6] for compari-
son. Good agreement is observed over a wide temper-
ature range.

A comparison can also be made with results ob-
tained for the reaction: Cl + H2 →HCl + H, discussed
before. The spectroscopic constants and Morse poten-
tial parameters of this reaction predict intermediate
values for reaction probability and cross-section, com-
pared to the previous two reactions, as shown in Ta-
ble 1. Also, with a barrier energy of 0.172 eV, one
would expect to have an intermediate value for the
rate constant. At 300 K, its rate constant of 1.83 ·
10−14 cm3 molecule−1 s−1 is larger than the rate con-
stant of Cl + DH→DCl + H, but smaller than that for
the Cl + HD→HCl + D reaction.

4. Conclusions

Reaction probabilities, cross-sections and rate con-
stants for atom-diatomic molecule collisions have
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been studied in three dimensions using Monte Carlo
classical trajectories. Morse potential energy surfaces
were applied to describe interactions between col-
liding particles. Various atoms and various diatomic
molecules were used in the study. For some sys-
tems, calculations were performed at several temper-
atures. A strong dependence has been found on the na-
ture of the interacting particles (with different spec-
troscopic constants and potential parameters), tem-
perature of the reaction and the nature of the reac-
tion (endothermicity and exothermicity). The results
of calculations were compared with experimental val-

ues and with values obtained by other researchers us-
ing different calculation methods. On the overall, an
excellent agreement was observed with experimen-
tal results. A reasonable and acceptable agreement
was also observed with works of other investigators
who applied different calculation methods. These find-
ings should improve our understanding of the dy-
namical mechanism of reactions in the collision pro-
cess. Also, classical trajectory calculations shall pro-
vide a trustful alternative method to the tedious and
costly way of evaluating rate constants experimen-
tally.
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