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Abstract
We explore the effects of the transition-state vibrational motions on the dynamics of the reaction 

X + HY → [XHY]‡ → XH + Y with X and Y = Br, I. We performed simulations of the dissociation 
process of the unstable XHY complex using a classical trajectory methodology, combined with 
London-Eyring-Polanyi-Sato (LEPS) potentials to approximate the interactions among the atoms 
in XHY. We employed an almost classical sampling scheme on the stable XHY– species to obtain 
the initial conditions for the trajectories by assuming a vertical transition to the XHY neutral 
potential energy surface. To study the effects of the vibrations, we considered different sets of initial 
conditions refl ecting specifi c XHY normal mode excitations. We found an increase in the rotational 
energies of the product diatoms with an increase in the energy associated to the bending normal 
modes of XHY. Analysis of the vibrational distributions of the diatoms shows higher most probable 
vibrational quantum numbers for HBr when compared to HI. For some initial conditions, we also 
found approximately thermal rotational distributions in the product diatoms.

Keywords: Reaction dynamics, transition state, classical trajectories, electron photodetachment 
spectroscopy, vibrational normal modes, rotational states of molecules.

1 Introduction

The process of bond breaking and bond formation is of particular importance in 
the description of a chemical reaction.  One way to study this process is through an 
unstable complex of short existence called the transition state [1]. Several experimental 
techniques have been developed to investigate how the transition state evolves. One of 
these techniques involves the preparation of a stable negative ion as a precursor. If the 
transition state of a neutral chemical reaction is similar in geometry to this ionic species, 
a fast detachment of the extra electron allows reaching the transition state region of the 
reaction of interest. Measurement of the kinetic energy, in the form of a photoelectron 
spectrum of the outgoing electron, provides information about the internal motion of the 
transition state [2].
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Neumark and colleagues have applied anion photodetachment techniques for the 
study of bimolecular reaction of the type X + HY → XH + Y, where X and Y are halogen 
atoms [3, 4, 5, 6, 7, 8]. They observed a strong progression in the anti-symmetric stretch 
of the XHY neutral complex. They also observed more closely spaced progressions that 
reflects transitions to symmetric stretch and hindered rotor levels of XHY. Additionally, 
they investigated the effects of introducing solvating atoms and molecules on the transition 
state of these reactions [9, 10, 11].

Photo detachment of XHY– ions have also been investigated using theoretical tools 
[12, 13, 14]. These studies have been fundamental in the assignment of the photoelectron 
spectra peaks to the different internal motions of the XHY complex [15]. They also have 
provided evidence of a caging effect caused by surrounding argon atoms in the dynamics 
of XHX [16, 17, 18].

In this paper, we report the results of a classical trajectory study of the dissociation 
dynamics of XHY complexes (X, Y = I, Br). Our interest is to investigate the effects of 
the vibrational motions of the XHY– ionic species in the dissociation dynamics of XHY 
when it reaches the X + HY and Y + HX reaction channels. Specifically, we analyze how 
the initial vibrational energy of the XHY complex, assuming a vertical transition from 
the corresponding vibrating XHY– ionic species, is redistributed into the rotational and 
vibrational motions of the resulting HX and HY diatoms and the translational motion of 
the resulting X and Y single atoms.

Although quantum effects are expected to be important, a classical methodology will 
provide us with physical insights into the dynamics of the system of interest in a way 
that is less computationally demanding than a quantum calculation. With this, we want to 
explore the use of appropriate approximate methodologies in the study of the dynamics 
of molecular systems, in particular the dynamics of chemical reactions at the molecular 
level.

2  Theory

2.1 Model potentials

The specification of the initial conditions will require the potential-energy surface 
(PES) of the XHY– stable ionic system around the equilibrium configuration (Subsection 
2.2). We approximate this potential as a multidimensional harmonic potential in normal 
mode coordinates [19]
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where λk are the normal mode frequencies, Qk  is the kth normal mode coordinate and Veq 
is the equilibrium potential energy. The values of λk for BrHBr– and BrHI– are given in 
Ref. [11] and for IHI– in Ref. [15].
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We used a London-Eyring-Polanyi-Sato (LEPS) potential [20] for XHY. Essentially, 
a LEPS potential is a semi-empirical potential based on the London equation for the H 
+ H2 system. Although, in general, this type of potential does not represent faithfully  
intra-molecular interactions [21], it should provide a reasonable interaction potential for 
our unstable neutral system. It takes the form:
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Here, Qij and Sij are obtained from a combination of Morse and anti-Morse potentials,
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where rij is the distance between the ith and jth atoms, and re,ij, De,ij, and βij are parameters 
associated with a Morse potential for the isolated i-j diatom, which are adjusted by 
experimental data. The parameters for the LEPS potential for BrHBr are given in Ref. 
[5], for BrHI in Ref. [22], and for IHI in Ref. [23]. In figure 1 we plot the LEPS potentials 
for BrHBr and BrHI in their collinear configurations.
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Figure 1: LEPS potential for the collinear configuration of (a) BrHBr and (b) BrHBr. Energies are in kJ/mol. The red × symbol indicates the 
transition state. 
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Figure 1. LEPS potential for the collinear configuration of (a) BrHBr and (b) BrHI.  
Energies are in kJ/mol. The red × symbol indicates the transition state.
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2. 2 Specification of initial conditions

The initial conditions for the integration of the classical equations of motion on the 
XHY PES (Subsection 2.3) were generated assuming a vertical transition from the XHY– 
PES, i.e. a photodetachment of an electron in the Condon approximation.

A quasi-classical sampling of initial conditions [24] was performed in the four 
normal mode coordinates that describe the XHY– vibrational motion. In this sampling, the 
energies of the vibrational normal modes are quantized but the phase-space probability 
distribution is that of a multidimensional classical harmonic oscillator. The normal 
coordinates are obtained by diagonalization of the matrix of second derivatives of the 
potential with respect to the mass-weighted Cartesian coordinates and evaluation at the 
minimum of the potential  [19]. 

Once the initial conditions are obtained in normal mode coordinates, they are 
transformed into Cartesian coordinates by the diagonalizing matrix obtained from the 
diagonalization process described above [17].

2.3 Propagation

We propagated the dynamics of XHY by solving Newton’s equations of motion 
for each set of initial positions and momenta of the X, H, and Y atoms in Cartesian 
coordinates,

                               
2

2 , ( X,H,Y)i i
i i

d dm i
dt dt

= = =p xF  (4)

employing the Gear algorithm [25] with time steps ranging from 0.1 a.u. to 2 a.u. The wall 
computer processing time for a single trajectory integrated for 7 ps was 0.25 seconds on 
a 3.47 GHz Six Core Intel-Xeon processor with 12 GB RAM.

3 Results and discussion

3.1 Initial conditions

To investigate how the initial vibrational motion of XHY affects the vibrations and 
rotations of the product HX or HY diatoms, we used different sets of initial conditions in 
normal-mode coordinates. In figure 2 we illustrate the normal modes of the XHX– system. 
We employed the following notation: Qk(n) means that there are n quanta of excitation in 
the k-th normal mode, with k=s,a,b1,b2 representing the symmetric, anti-symmetric, and 
two degenerate bending modes. Thus, Q(0) ≡ [Qs(0), Qa(0), Qb1(0), Qb2(0)] represents the 
vibrational ground state, Qs(n) ≡ [Qs(n), Qa(0), Qb1(0), Qb2(0)] represents a state 
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Figure 2. Vibrational normal modes for XHY–. (a) Symmetric normal mode, Qs. (b) Anti-symmetric normal 
mode, Qa. (c) Bending normal mode, Qb1. (d) Bending normal mode, Qb2.

With n quanta in the symmetric mode, Qa(n) ≡ [Qs(0), Qa(n), Qb1(0), Qb2(0)] represents 
a state with n excitations in the asymmetric mode, Qb(n) ≡ [Qs(0), Qa(0), Qb1(n), Qb2(0)] 
represents a state with n excitations in one of the bending modes, and Qb(n,n) ≡ [Qs(0), 
Qa(0), Qb1(n), Qb2(n)] represents a state with n simultaneous excitations of the two 
degenerate bending modes. We considered only excitations with n = 1, 2.

After fixing the sets of normal-mode quantum numbers, we employed the method 
described in Section 2.2 to obtain the corresponding initial conditions in Cartesian 
coordinates for each set.

3.2 Product channels

We propagated 10 000 trajectories for each set of initial conditions described above. 
In table 1 we present the percentage of trajectories evolving into the two reaction channels 
(HX + X and X + HX) for each system, as a function of the initial conditions.

Table 1. Percentage of trajectories for the different reaction channels as functions  
of the different initial condition sets described in Section 3.

IHI BrHBr BrHI
IH + I I + HI BrH + Br Br + HBr BrH + I Br + HI

Q(0) 50.2 49.8 50.7 49.3 59.9 40.1
Qs(1) 50.0 50.0 50.7 49.3 61.3 38.7
Qs(2) 49.9 50.1 50.8 49.2 60.7 39.3
Qa(1) 50.0 50.0 50.8 49.2 57.5 42.5
Qa(2) 50.7 49.3 50.8 49.2 70.0 30.0
Qb(1) 50.2 49.8 50.9 49.1 60.0 40.0
Qb(2) 50.3 49.7 50.7 49.3 61.3 38.7
Qb(1,1) 50.6 49.4 50.6 49.4 60.6 39.4
Qb(2,2) 50.1 49.9 50.7 49.3 61.1 38.9

(a)                                                                        (b)

(c)                                                                        (d)
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For IHI and BrHBr we found that each channel comprises approximately half of the 
trajectories, for all sets of initial conditions. This is an expected result given the symmetry of 
the PES (figure 1(a)). On the other hand, for BrHI we found that the major reaction channel 
is I + HBr, a result surely associated with the asymmetric shape of the PES (figure 1(b)).

To explain the observed 20% differences in the number of trajectories of the latter 
case, it is necessary to take into account potential and kinetic energy factors. Specifically, 
in the minimum-energy path for the reaction Br + HI → [BrHI]# → I + HBr, the I + HBr 
and Br + HI channels have energy barriers of 70.75 kJmol-1 and 0.87 kJmol-1, respectively, 
in the collinear configuration, and at any bent configuration these barriers increase by equal 
amounts. Moreover, the transition state is much closer to the Br + HI channel than to the I 
+ HBr one. On grounds of these asymmetries, it is expected that the number of trajectories 
entering the Br + HI channel and bouncing into the I + HBr channel to be much greater 
than the number of trajectories that entering the I + HBr channel and bouncing into the Br 
+ HI channel. However, since in the transition-state configuration the I–H distance is much 
smaller than the H–Br distance, then the initial distributions of positions and momenta 
for BrHI are biased for the Br + HI channel, contributing, therefore to an increase in the 
number of trajectories entering this channel. The balance between these two kinds of effects 
explains why the difference in the percentages are not large.

3.3 Energy redistribution in the products

When the XHY complex breaks apart, its energy is distributed among the different 
degrees of freedom of the resulting diatom and single atom. To analyze the energy 
partitioning, it is convenient to separate the motion of the single atom from the motion of the 
diatom by transforming the Hamiltonian from Cartesian into Jacobi coordinates [26]:
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For example, in the case XHY → X + HY, r is the vector between the two atoms in 
HY and R is the vector between the X atom and the center of mass (COM) of HY, pr and 
PR are the corresponding conjugate momenta, and µr and µR are the reduced masses of HY 
and X–HY, respectively. PCOM is the COM momentum of XHY and M is the total mass of 
the system (M = mX + mH + mY). If PCOM is zero, then pX = PR and the kinetic energy of 
the single atom reads
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Therefore, the internal kinetic energy of the diatom is given by
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which can be written as [27]
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where r is the magnitude of the vector r, ṙ is the time derivative of r, and l is the rotational 
angular momentum of HY. Therefore, the internal kinetic energy of the diatom can be 
separated into two contributions: the vibrational µHYṙ2/2 and the rotational  l2/(2µHYr2).

In figure 3 we show the energy redistribution of IHI into HI internal energy and I 
translational energy. These results show that a major portion of the energy is redistributed 
as vibrational energy of the diatom HI while little of it becomes kinetic energy of the 
single atom I. We also observe an increase of the rotational energy of HI when the IHI 
complex has initial excitations in the bending normal modes. This is due to the fact that an 
increase in the amplitude of the bending motion of IHI increases the velocity component 
of the H atom perpendicular to the I–I axis, which, in turn, increases the angular speed 
of the separating HI diatom. This behavior is also observed in BrHBr and BrHI. Table 2 
lists the results of the energy redistribution of BrHBr into HBr internal energy and Br 
translational energy.

Figure 3. Total energy redistribution percentage from IHI into HI internal energy and I translational energy 
as a function of the initial conditions (see subsection 3.3). The blue rectangle is the vibrational energy of 

HI, the red rectangle is the rotational energy of HI, and the green rectangle is the translational energy of the 
single atom I. The white numbers indicate the average energy, in kJ/mol, for each degree of freedom.
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Since asymptotically V(r, R) = V(r), the total energy of the system becomes
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Therefore, the internal kinetic energy of the diatom is given by
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where r is the magnitude of the vector r, ṙ is the time derivative of r, and l is the rotational 
angular momentum of HY. Therefore, the internal kinetic energy of the diatom can be 
separated into two contributions: the vibrational µHYṙ2/2 and the rotational  l2/(2µHYr2).

In figure 3 we show the energy redistribution of IHI into HI internal energy and I 
translational energy. These results show that a major portion of the energy is redistributed 
as vibrational energy of the diatom HI while little of it becomes kinetic energy of the 
single atom I. We also observe an increase of the rotational energy of HI when the IHI 
complex has initial excitations in the bending normal modes. This is due to the fact that an 
increase in the amplitude of the bending motion of IHI increases the velocity component 
of the H atom perpendicular to the I–I axis, which, in turn, increases the angular speed 
of the separating HI diatom. This behavior is also observed in BrHBr and BrHI. Table 2 
lists the results of the energy redistribution of BrHBr into HBr internal energy and Br 
translational energy.

Figure 3. Total energy redistribution percentage from IHI into HI internal energy and I translational energy 
as a function of the initial conditions (see subsection 3.3). The blue rectangle is the vibrational energy of 

HI, the red rectangle is the rotational energy of HI, and the green rectangle is the translational energy of the 
single atom I. The white numbers indicate the average energy, in kJ/mol, for each degree of freedom.
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Table 2. Energy redistribution of BrHBr into HBr internal energy and Br translational energy. Energies are in 
kJ/mol. The numbers in parentheses give one standard deviation for the energy values.

Total energy
HBr Br

Vibrational 
energy

Rotational 
energy

Translacional 
energy

Q(0) 123.0 (0.2) 102.5 (0.2) 6.12 (0.07) 14.35 (0.02)

Qs(1) 123.6 (0.2) 102.6 (0.2) 6.19 (0.07) 14.85 (0.02)

Qs(2) 124.2 (0.2) 102.6 (0.2) 6.21 (0.07) 15.38 (0.03)

Qa(1) 98.8 (0.3) 78.0 (0.4) 6.40 (0.07) 14.39 (0.02)

Qa(2) 85.0 (0.4) 64.2 (0.5) 6.36 (0.07) 14.4 (0.02)

Qb(1) 132.1 (0.2) 108.3 (0.2) 9.6 (0.1) 14.25 (0.02)

Qb(2) 140.6 (0.2) 113.9 (0.2) 12.5 (0.2) 14.22 (0.02)

Qb(1,1) 141.3 (0.2) 114.2 (0.2) 13.0 (0.2) 14.20 (0.02)

Qb(2,2) 158.3 (0.2) 125.5 (0.3) 18.7 (0.2) 14.13 (0.02)

3.4 Vibrational and rotational populations of the product diatoms

There is no rigorous way to determine quantum vibrational states of the product 
diatoms from quasi-classical trajectory calculations. Here, we assign the vibrational 
quantum number n to a diatom if its energy is closest to the one of the n-th state of the 
corresponding quantum oscillator [28]. For the case of a LEPS potential, the asymptotic 
vibrational quantum states of the diatom are the ones of a Morse potential [27] whose 
eigenenergies are given by 

 
21 1( ) ; 0,1, 2,...

2 2e e eE n n h n h x nν ν   = + − + =      
 (10)

where νe and xe are the harmonic frequency and the Morse anharmonicity term, respectively.

The rotational quantum number j for the diatom is found from:

 ( 1)l j j= +   (11)

where the angular momentum l is determined by:

 HYl µ= ×r r  (12)

Since this gives non-integer values for j, we rounded up the value of j to the nearest 
integer.
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In table 3, we list the vibrational-state populations of the product diatoms as functions 
of the initial conditions for IHI and BrHBr. We found that for IHI the most probable 
vibrational state of the product diatom is n = 0, except when the bending modes of the parent 
complex are twice or four times excited, where the n = 1 population becomes dominant. 
For BrHBr we found a much broader distribution of the product diatom vibrational states, 
with n = 3 being the most probable state for most of the initial conditions. A comparison 
of the total energies of these two symmetric systems (see figure 3 and table 2 for the 
energy results of IHI and BrHBr, respectively) reveals that BrHBr contains more energy. 
That is why this complex exhibits a wider energy redistribution in all the product degrees 
of freedom. For BrHI (not shown), the vibrational distributions in the product diatoms 
HBr and HI exhibit similar behaviors as for BrHBr and IHI, respectively.

Table 3. Percentage of trajectories, as functions of the initial conditions, in each vibrational quantum state of 

the product diatom from IHI and BrHBr.

 HI  HBr

n = 0 n = 1 n = 2 n = 0 n = 1 n = 2 n = 3 n = 4 n = 5 n = 6
Q(0) 76.7 23.3 27.4 48.3 24.3

Qs(1) 75.3 24.7 27.7 47.2 25.2

Qs(2) 72.1 27.8 0.5 27.7 46.6 25.3

Qa(1) 76.1 23.8 7.19 29.7 24.7 17.6 30.8

Qa(2) 63.4 36.6 36.1 15.5 16.0 11.8 15.4 5.2

Qb(1) 59.4 40.6 17.7 48.3 34.0

Qb(2) 40.8 59.1 0.2 14.7 40.7 33.5 10.9

Qb(1,1) 40.6 59.4 0.2 14.6 40.4 33.3 11.5

Qb(2,2) 24.3 52.4 23.3 0.7 10.4 22.6 37.2 25.3 3.7

In figure 4, we display the rotational distributions of HI resulting from IHI dissociation. 
We observed that for some initial conditions the distributions look approximately thermal 
(Boltzmann-like). Similar results were found for the BrHBr and BrHI complexes (not 
shown). Considering that the distributions of initial conditions for the trajectories were 
obtained from fixed quantum vibrational states, this result is not obvious. Clearly, it must 
be related to the small spacing between the rotational energy levels in comparison with 
the total energy transferred to the diatom. This observation warrants a more detailed 
analysis, which will be undertaken elsewhere.
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Figure 4. Distribution of rotational states for the HI diatom, resulting from the dissociation of IHI, 
 for (a) the vibrational quantum number n = 0 and (b) the vibrational quantum number  

n = 1. j is the rotational quantum number of HI.

4 Summary and conclusions

We investigated the effects of the vibrational motions of the unstable complex XHY 
(X, Y = Br, I), resulting from a vertical transition of the corresponding stable XHY– ionic 
species, on the vibrational and rotational motions of the product HX and HY diatoms. 
We used a classical trajectory method to evaluate the dynamics of the system with 
different sets of initial conditions that reflect specific XHY– normal mode excitations.

The results show considerable effects of the initial vibrational states of XHY in the 
vibrational and rotational states of HX and HY. Specifically, we found an enhancement 
of the rotational motion of the diatoms when the bending normal modes of XHY were 
excited. For BrHI we found the I + HBr reaction product channel as the most probable 

a                                                                    b

77

one, mainly due to the geometry of the transition state of the reaction Br + HI → [BrHI]‡ 

→ BrH + I, which is closer to the I + HBr channel. One interesting result that we found 
was a quasi-thermalized rotational distribution in the product diatoms, even though the 
initial vibrational normal mode distribution of XHY is not thermalized.

Although the results reported in this paper were obtained from classical- mechanical 
methodologies, they give us physical insight on how the total energy available to XHY 
gets partitioned in the different degrees of freedom of the products and the branching 
ratios of the different reaction product channels. This information will be useful for 
the design of strategies that will allow us to control the reaction product channel of the 
dissociating XHY complex and the final vibrational and rotational states of the product 
diatoms.
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