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Abstract. The influence of the isotope substitution on the dynamics of the title reactions

is investigated using the quasi-classical trajectory method based on the potential energy

surface for the X 1A′ ground singlet state of HOBr system. Apparent differences on the

stereo-dynamic properties are discovered between the title reactions. These discrepancies

are mainly due to the unequal reduced masses of the reactants and different zero-point

energies of the transition state, which affect the vector properties of the title reactions.
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1 Introduction

Over the past decade, some significant achievements have been made on the side of theoret-

ical and computational chemistry. One of the progresses is that the quasi-classical trajectory

(QCT) method has been widely carried out to analyze the dynamics of chemical reactions, es-

pecially for the reaction systems with large mass [1,2]. Meanwhile, Han et al. [3] developed

the stereo-dynamics QCT method to cope with the product rotational polarization. So far,

many chemical reactions [4–12] have been studied for their product rotational polarization.

Moreover, this kind reaction of O + HX→ OH + X (X = F, Cl, Br, I) not only is the elementary

reaction with Heavy-Light-Heavy (HLH) mass system that makes the product rotation strongly

aligned about the direction of the relative velocity, but also contains the important atom shift

process about H [13].

Recently, for the reaction O + HBr→ OH + Br, many studies for the presented interesting

dynamical features have been done, theoretically and experimentally. On the experimental

side, Ruscic and Berkowitz have successfully ciphered the heat of formation of HOBr and the

dissociation energy of HO–Br [14]. From the theoretical point of view, Tang et al. [15] have
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successfully employed the three-dimensional time-dependent quantum wave packet method

to study the scalar properties of the reaction such as initial state-selected reaction probabil-

ities, reactive cross sections and thermal rate constant. Additionally, the potential energy

surface (PES) for the X 1A′ singlet state of HOBr system was recently constructed by Peter-

son [16].

In our previous work, we have studied the vector properties of reaction O + HBr → OH

+ Br. It is well known that the isotope effect plays key roles in the deduction of the chemical

reaction mechanics and the research of intermolecular interaction. To the best of our knowl-

edge, few studies are reported yet for the isotope substitution of the title reactions. Such an

inquiry is the subject of this paper. In order to realize the isotope effect on the reaction, we

utilize the QCT calculations to investigate O + HBr reaction and its isotope variant on the

same singlet PES.

This paper is organized as follows. In Section 2, the QCT calculation is briefly outlined.

The results which will be an important consideration are presented and discussed in Section

3. In Section 4, the discussion and its implications are presented.

2 Computational method

The X 1A′ ground singlet PES applied to this paper was determined by Peterson employing the

method of highly correlated MRCI and explicit basis set [17]. The detailed information such

as ab initio data and analytical function form of the PES can be referred to in Ref. [18].

The computational method of QCT in this study is the same as the one adopted in Ref. [19,

20]. In the calculations, the classical Hamilton’s equations are integrated in three dimensions.

According to the product rotational polarization, we mainly concentrate on discussing the

isotope effect on the reaction. We set the initial rotational quantum j=0 and initial vibrational

quantum v=0. The collision energy of the title reactions is chosen as 0.3 eV. Each reaction runs

10000 trajectories and the integration step size is set as 0.1 fs to guarantee the conservation

of the total angular momentum and total energy.

The product polarization calculations we carry out is well-rounded by Han and coworkers

[21]. Here we just introduce the details connected with our existing work. In the center-

of-mass(CM) frame shown in Fig. 1, the relative velocity vector k′ of the reactant is parallel

to the z-axis and the x -z plane which is the scattering plane contains the initial and final

relative velocity vectors, k and k′. The scattering angle θt is the angle between the reactant

relative velocity and product relative velocity. θr and φr represent, respectively, the polar and

azimuzal angle of the product rotational angular momentum j′.

The vector correlation of k−j′ is the most common. The polar angle distribution function

rewriting the correlation of k−j′ can be expanded in a series of Legendre polynomials and

the expanding coefficients are called alignment (k is event) and orientation (k is odd) param-

eter. The dihedral angle distribution function P(φr) describing k−k′−j′ correlation can be

unfolded in Fourier series. The P(θr ,φr) as the function of angles θr and φr of j′ is used to

depict the space distribution of the product rotational momentum.
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 Figure 1: The CM 
oordinate systerm used to des
ribe the k, k′ and j′ distribution.
The generalized polarization-dependent differential cross sections (PDDCSs) are used to

describe the vector correlation of k−k′−j′ and scattering distribution of the product molecule.

The fully correlated CM angular distribution function can be written as the sum [22]

P(ωt ,ωr)=
∑

kq

[k]

4π

1

σ

dσkq

dωt

Ckq(θt ,θr)
∗, (1)

where [k] = 2k+1, (1/σ)(dσkq/dωt) is the so-called generalized polarization- depen-

dent differential cross section, and Ckq(θt ,θr) =
p

4π/(2k+1)Ykq(θt ,θr) is the modi-

fied spherical harmonic function. In our present work, we utilize the computational

method to calculate (2π/σ)(dσ00/dωt), (2π/σ)(dσ20/dωt), (2π/σ)(dσ22+/dωt) and

(2π/σ)(dσ21−/dωt).

3 Results and discussion

In order to get a further understanding about the isotopic substitution, we calculate the prod-

uct angular distribution P(θr) and P(φr) of the title reactions when the collision energy is

0.3 eV. According to the formula k·j′=cosθr , we can discover that the correlation of k−j′ can

be described well by the P(θr) distribution. Besides, it can also offer some important infor-

mation about the product rotational alignment. Thus we plot the P(θr) distribution of the

products O(D)H in Fig. 2. It is clear from Fig. 2 that P(θr) distribution is not only symmetric

with respect to 90◦, but also has a peak near θr = 90◦, which indicates that the product’s

rotation angular momentum vector prefers to be perpendicular to the reagent relative veloc-

ity. An observation can be made from Fig. 2 that the peak value of P(θr) for the reaction

O+HBr is larger than that of the reaction O+DBr, which illustrates that the alignment level

of HBr is stronger than that of DBr. On the basis of Refs. [23, 25], two factors are able to

affect the P(θr) distribution. One is the character of PES, the other is the mass factor (i.e.,
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cos2β=mAmC /(mA+mB)(mB+mC) for the reaction A+BC→AB+C). However, for the two

reactions based on the same PES, the discrepancy of the P(θr) distribution is chiefly attributed

to the difference of the mass factor between the reaction O+HBr→OH+Br (cos2β=0.929)

and O+DBr→OD+Br (cos2β=0.866).
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 Figure 2: The distribution of P(θr), re�e
ts the k−j′ 
oorelation. Solid line representsO+HBr→OH+Br; dotted line represents O+DBR→OD+Br.
The dihedral angle distributions P(φr ) exhibiting the k−k′−j′ correlation are shown in

Fig. 3. As seen, the P(φr) is asymmetric with respect to the k−k′ scattering plane, evidently

reflecting the polarization of product rotational angular momentum. The figure shows that the

P(φr) distribution has two peaks which are at φr =90◦ and 270◦, respectively. It implies that

the rotational angular momentum vector of HBr is preferentially aligned along the y-axis in

the CM frame. And the peak at φr=90◦ is stronger than that atφr=270◦, which indicates that

the rotational angular momentum vector of the product is not only aligned but also oriented

along positive y-axis for the title reactions. However, due to the different harmonic zero

point energy (ZPE) of the reactant molecules HBr(DBr) which causes the different effective

potential well depth of the two reactions, the orientation level of the products OH and DBr is

not same with each other. It is obvious that the orientation level of the product OH is stronger

than that of OD. Since the reduced mass µ of HBr (DBr) is 0.995 (1.964), in the light of

the fundamental vibrational frequency (ν=(1/π)
p

k/µ), the vibrational frequency of HBr

is higher than that of DBr. Therefore, on the basis of the formula of ZPE (E0=(hν)/2), the

ZPE of HBr is larger than that of DBr. Consequently, the effective potential well depth of the

O+HBr reaction is shallower than that of the O+DBr reaction, which brings about the product

OH orienting more strongly than OD.

It is instructive to compare the results of the above analysis. We can outcrop that the P(θr)
distribution of the title reactions is symmetric with respect to the relative velocity vector, while

the distribution of P(φr ) is asymmetric. In line with the heretofore theoretical investigation

about the impulsive model of the atom and molecular reaction for the reaction of type A
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 Figure 3: The dihedral angle distribution of P(φr) with respe
t to the k−k′ line. Solid line representsO+HBr→OH+Br; dotted line represents O+DBr→OD+Br.
+ BC→ AB+C [19, 23, 24], we obtain j′=Lsin2β+jcos2β+J1mB/mOB, where L represents

the reactant orbital angular momentum, J1=
p

µBC ER(rAB×rBC), with rAB and rBC standing

for unit vectors and B pointing to A and C, respectively, µBC represents the reduced mass of

BC molecule and ER is the repulsive energy between B and C atoms. During the period of

the chemical bond forming and breaking for the two reactions, the term Lsin2β+jcos2β in

the equation is symmetric, however, the term J1mB/mOB presents a preferring direction as

a result of the effect of the repulsive energy, which results in the orientation of the product

molecules OH or OD.

For the purpose of depicting the k−k′−j′ correlation and the scattering direction of
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 Figure 4: The polarization of dependent generalized di�erential 
ross se
tion of the rea
tion. (a)and (b) 
orrespond to the rea
tion of O+HBr→OH+Br and O+DBr→OD+Br, respe
tively. Solidline indi
ates the PDDCS of (2π/σ)(dσ20)(dσ00/dωt) and dashed line denotes the PDDCS of
(2π/σ)(dσ20)(dσ20/dωt) .
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the product molecules O(D)H better, we count the first two PDDCS on the X 1A′ PES pre-

sented in Fig. 4(a)–(b) corresponding to the two reactions, respectively. The PDDCS of

(2π/σ)(dσ00/dωt) commonly reflects the k−k′ correlation or the angular distribution of

the product. It is seized from Fig. 4 that the product molecules O(D)H are scattered for-

ward, however, the degree of forward scattering of OH molecule is stronger than that of

OD molecule. The PDDCS of (2π/σ)(dσ20/dωt) is called the average value of the sec-

ond Legendre moment 〈P2(cosθr)〉. It is conspicuous from the figure that the trend of the

(2π/σ)(dσ20)(dσ20/dωt) is opposite to the trend of the (2π/σ)(dσ20)(dσ00/dωt), indi-

cating that the product angular momentum j′ is perpendicular to k.

Moreover, it also can be found from Figs. 5 and 6 that the PDDCSs with q 6=0 are zero when

the scattering angle θt is equal to 0◦ and 180◦, respectively. Because the k−k′ scattering plane

is uncertain at these limiting scattering angles, the values of these PDDCSs must be zero. From

Fig. 5, it is easy to see that the values of (2π/σ)(dσ22+/dωt) are negative for all scattering

angle θt , implying that the product alignment is along the y-axis. It is necessary to notice that

the products OH and OD display a stronger polarization at about 30◦ and 150◦, respectively,

but the polarization degree of the product OH is stronger than that of the product OD. In

addition, it can be discovered from Fig. 6 that the trend of PDDCS (2π/σ)(dσ21−/dωt)
is similar for the two reactions. The values of the (2π/σ)(dσ21−/dωt) are negative when

the scattering angle θt is less than 45◦ and more than 140◦, which suggests that the product

is aligned along the direction of ~x+~z. The values of the (2π/σ)(dσ21−/dωt) are positive

when the scattering angle θt belongs to (45◦,140◦), implying that the product alignment is

along the direction of ~x−~z. However, the degree of the product OH polarization is much

stronger.
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 Figure 5: The polarization dependent generalized di�erential 
ross-se
tion (2π/σ)(dσ22+/dωt) ofthe title rea
tions.
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 Figure 6: The polarization dependent generalized di�erential 
ross-se
tion (2π/σ)(dσ21−/dωt) ofthe title rea
tions.
4 Conclusions

In this paper we have carried out a QCT calculation to investigate the product polarization for

the title reactions at the same collision energy of 0.3 eV. The distributions of P(θr), P(φr ) and

four PDDCSs are computed. The results suggest that the products O(D)H chiefly tend to be

forward scattering but the degree of forward scattering and product polarization is obviously

different. These differences are mainly caused by two aspects, i.e. the unequal mass factor of

the reactants and different ZPE, which influence the vector correlations of the title reactions,

such as four PDDCSs, the product molecules rotational angular momentum alignment and

orientation, etc.
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