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Investigation of isotope effects of dynamic properties
for H(D) + OF reactions by the quasi-classical
trajectory method*
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Quasi-classical trajectory (QCT) calculations are employed to study the dynamic properties for H(D)+OF reactions

on the adiabatic potential energy surface (PES) of the 13A” triplet state. Obvious differences between the reaction

probabilities for J = 0, integral cross sections for J # 0, branch ratios of the product and internuclear distances as well

as product rotational alignments between the title reactions are found. These differences are attributed mainly to the

different reduced masses of the reactants and the different zero-point energies (ZPEs) of the transition state.
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1. Introduction

Over several decades, the reactions of hydrogen
halides with oxygen atoms have received much atten-
tion due to their contribution to the catalytic destruc-
tion cycle;' =17} among them, the HOF system is con-
sidered to be one of the model systems for open shell
reactions on account of its relatively simple electronic
structure and has been widely studied.[6=4 Since
high-level multiconfiguration-reference configuration
interaction (MRCI) electronic structure calculations
for the adiabatic 12A” triplet electronic state were
performed by Gémez-Carrasco et al.,l% quasi-classical
trajectory (QCT) and wave packet studiesl®~8 and
a quantum state-to-state calculation of the reac-
tion F(3P) + OH(Il) — O(*P) + HF(!Z*) have
been performed; photodetachment spectrum simula-
tions of OHF~ have also been given.'%) Later, they
extended the previous dynamic study of the F(*P) +
OH(*II) — O(®*P) + HF(!Z*) reaction to the new
PESs for the excited 2°A” and 1%A’ triplet states of
the OHF system,'!] and found that the OHF system
could offer an opportunity to perform a nonadiabatic
study with coupled electronic states involved as well
as many other reaction systems.['®6l The only set
of coupled adiabatic PESs of 13A”, 23A”, and 13A’
was developed and used to calculate the angle re-
solved photodetachment cross sections of OHF~.[12

Additionally, the potential energy surfaces (PESs) for
the first five singlet states of the OHF system were
constructed.3 Of these, the ground adiabatic 1'A’
singlet PES was further employed in the subsequent
quasi-classical trajectory and wave packet calculations
of O('D) + HF('Xt) — F(*P) 4+ OH(?II).["4]

Our previous work relevant to the HOF system
focused on the influence of the rotational excitation
of the reagent on product polarization for the reac-
tion H + FO — OH + F, and the results indicated
that both the orientation and the alignment of the
rotational angular moment were affected by collision
energies.['8] Recently, we have also investigated the
axial polarization of the product molecule for the re-
action F + HO — HF 4 O and the effect of the
reagent vibration on stereo-dynamics of the reaction
O('D) + HF — F + OH.[20 The H(2S) + FO(2II) —
OH(?I) + F(®P) reaction based on the 1°A” PES
has also been studied by using the QCT method?!
and the quantum mechanics (QM) method,!*” and the
QCT results presented quite different reaction prob-
abilities for J = 0 (the initial total quantum num-
ber) from the previous quantum scattering calcula-
tions by using the real wave packet method. In or-
der to judge the correctness of these two investiga-
tions, a subsequent QM study of H+FO was carried
out by Chu et al.l*?l and gave a fairly good agreement
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with the QCT result, which also shows that there is a
convergence problem in the previous QM calculation.
Another example could be the disagreement between
the QCT and the full-dimensional multiconfiguration
time-dependent Hartree (MCTDH) calculations on
reactions H+CH, and O—|—CH4,[23] and the correct-
ness of the QCT results was also tested by the QM
calculation,*=26 which implies that these MCTDH
calculations of the two six-atomic systems?7-28! are
not quite converged yet. In other words, when the
reaction of an atom-polyatomic system is dealt with,
if other methods have encountered computational dif-
ficulties, the QCT method still can give reasonable
results, which is the reason why this method has been
widely used to study the dynamics of the chemical
reactions.

As is known, the isotopic effect plays an im-
portant role in chemical reactions, especially in re-
active scatterings, and much work related to iso-
topic variations has been done.2?740 For the reac-
tions F + H(D)O, although their isotope effects of the
stereo-dynamics were studied,!?? little attention was
paid to their reverse reaction H(D) + OF in either the
QCT or QM method. In the present paper, we report
on the calculation results by using the QCT method
to study the reaction probability for J = 0, the inte-
gral cross-section for J # 0, the branching ratios and
the product rotational alignments of H + OF and its
isotopic variations.

2. Computational method

The 12A” PES used in the calculation is a
relatively accurate adiabatic state. It was given
by Gémez-Carrasco et al.,l® who fitted 8069 ab

points to two- and three-body polynomial
(41]

mnitio
expansions'*'! in modified Rydberg coordinates. The
detailed function form and deduction process of the
PES can be found in Ref. [6].

Although the stable intermediate HOF existing
on the 1'A’ PES is of central importance for the dy-
namics of the H+OF reaction, as a minor channel, the
reaction H+OF based on 12A” PES is also significant
at high collision energies, and it is an abstraction re-
action different from the one on 1*A” PES which is an
insertion reaction.

The calculation method of QCT is the same as
the one used in Refs. [18]-[38] and [42]-[47]. The clas-
sical Hamilton’s equations are numerically integrated
in three dimensions. In the present work, we carry
out calculations of the product rotational polarization

with initial vibrational quantum number v = 0 and
initial rotational quantum number j = 0. The col-
lision energies range from 0.2 eV to 0.3 eV with the
energy grid being 0.02 eV and from 0.3 eV to 1.0 eV
with the energy grid being 0.1 eV. A batch of 10000
trajectories is run for each energy value of the title re-
actions and the integration step size in the trajectories
is chosen to be 0.1 fs, which can guarantee conserva-
tion of the total energy and the total angular momen-
tum. For the head-on collision (J = 0), the reaction
probability is defined as P = N,./N, which is the ra-
tio of the number of reactive trajectories to the total
number of trajectories. For the side collision (J # 0),
the maximum value of the impact parameter, by ay, is
computed by calculating 10000 trajectories at a fixed
value of the impact parameter b and systematically
increasing the value of b until no reactive trajectories
are obtained. The reaction cross section is defined as
or = wb2,. (N, /N). The sampling error is defined as

max

e =+/(N = N,)/NN, x 100%, and the reaction cross

section error in our calculation is defined as o, = e0,.
The product rotational alignment calculations
have been well-rounded by Han and coworkers.[*?l The
most common vector correlation is the k—j’ correla-
tion (k is the reagent relative velocity vector, j’ is the
final product molecular rotation angular momentum,
and 6, is the angle between these two vectors), and
the polar angle distribution function P(6,) can be ex-
panded in a series of Legendre polynomials!4?!

P(6,) = %Z(?k—kl)aék)Pk(cosﬁr), (1)
k

where
alf) = / P(6,)Py(cos 0, sin 0,6, = (Pj,(cos 6,)) (2)
0

with expanding coefficients aék) called the orientation

(k is odd) and alignment (k is even) parameter. In this
calculation, P(6,) is expanded up to k = 18, which
shows good convergence. Because the rotational align-
ment of the product has been measured in most ex-
periments, in our work, we calculate the average rota-

tional alignment factor aé2), ie. (Py(j' - k)).

3. Results and discussion

Figure 1 shows a comparison between the energy-
dependent reaction probability for J = 0 of the
H+FO — OH +F reaction reported by Zhao et al.??
and the counterpart of the D + OF — DO + F reac-
tion calculated in this paper. From this figure, it can
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be found that both energy-dependent reaction prob-
abilities display a similar trend in the whole collision
energy range, i.e., each of them shows a threshold at
a low collision energy and it increases as the collision
energy increases.

However, the differences between the two reac-
tions are also obvious, as shown in Fig. 1. For the
lower collision energies near the threshold, the reac-
tion probability of D + OF is zero, while the counter-
part of H4 OF is not. This difference may be ascribed
to the different reduced masses of two kinds of reac-
tants H-OF and D-OF which are respectively about
0.97 and 1.90. Therefore, the reagent H-OF relative
velocity is larger than that of D-OF for the same col-
lision energy. Furthermore, since there is a barrier in
the entrance channel,??! it is understandable that the
lighter H atom more easily leaps over the barrier and
reacts with OF molecules near the threshold energy.
For the higher collision energies, the reaction proba-
bility value of the D+ OF — DO+ F reaction is larger
than that of H+ OF — HO + F at the same collision
energy. Lin et al. have ascribed these dynamical dif-
ferences between the reactions O(*D) +H(D)CI to the
vibrational motion of the light atom between the two
heavy atoms in their study.*) In view of the reactions
H(D)+OF studied in the present paper, the differences
between reaction probability results can also be ex-
plained in the zero-point energy (ZPE) effect. That
is to say, between the two systems under discussion,
the ZPEs of the reactants are the same; however, on
the saddle point (transition state), the time scales
of the vibrational motions of H---OF and D---DF
are quite different, which results from the different
masses of D and H atoms. In the same force field, D is
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Fig. 1. Comparisons of the reaction probabilities of the
H(D)+OF—H(D)O+F reactions, where the solid line in-
dicates the reaction H+OF— HO+F and the dash line
represents the reaction D+OF —-DO-+F.

heavier than H, therefore, the vibrational frequency
and ZPE of D- - - OF are smaller than those of H- - -OF.

As a result, compared with the H+OF reactive sys-
tem, the D+OF system has a low effective energy
barrier, and it is natural that the reaction probability
value of the D + OF — DO + F reaction is larger than
that of H+OF — HO+F at the same collision energy.

Figure 2 shows a comparison between the inte-
gral reaction cross section results for J # 0. As can
be seen, the two integral cross sections also present a
similar trend, i.e., each of them increases with increas-
ing relative translational energy and has a threshold
at a low collision energy. There are also differences
between the two reactions in Fig. 2. The reaction sec-
tion value of the H 4+ OF reaction[®? is smaller than
that of the D 4+ OF reaction at the same collision en-
ergy. From the definitions of reaction cross section
and probability, it is easy to understand that the pos-
sible reason for the differences between the reaction

cross sections can also be ascribed to the ZPE effect.
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Fig. 2. Comparisons between the reaction cross-sections
of the H(D)+OF—H(D)O+F reactions, where the solid
line indicates the reaction H+OF— HO+F and the dash
line denotes the reaction D+OF—DO+F.

On the other hand the isotopic variant directly
leads the reagent H-OF relative velocity to be larger
than that of D-OF at the same collision energy. To
analyse this problem clearly, the variations of inter-
nuclear distances H(D)-O, O-F and H(D)-F are pre-
sented each as a function of propagation time in Fig. 3.
Figure 3(a) shows the variations of internuclear dis-
tance in the H + OF — HO + F reaction progress
on the condition of scattering angle § = 78.463° and
Ec = 0.5 eV and figure 3(b) displays the variations
of internuclear distance for the D + OF — DO + F
In this figure, it can be noticed that the
H 4+ OF — HO + F reaction occurs at about ¢t =
0.118 ps and the D + OF — DO + F reaction appears
at t = 0.135 ps, although the initial distance between

reaction.
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H and OF is larger than that between D and OF.
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Fig. 3. Internuclear distances of H(D)O, OF, and H(D)F
as a function of propagation time, with a scattering an-
gle of 6y = 78.463° and Ec = 0.5 eV in the reactions
H+OF—HO+F (a) and D+OF —DO+F (b), where solid
lines indicate the internuclear distances of H(D)O, dash
lines denote internuclear distances of OF and short dash
lines refer to internuclear distances of H(D)F.

The difference in relative velocity between re-
gents can also be used for analysing the product ra-
tio between branch reactions, i.e., between reactions
H(D)O+F (the first channel) and H(D)F+O (the
second channel), and a comparison between them is
shown in Fig. 4. From this figure one can find that
although the values of branch reaction product ratio
decrease as the collision energy increases, the reac-
tion in the first channel is principal for both reactions
and the product of the D 4+ OF reaction is larger
than that of the H + OF reaction at the same colli-
sion energy. These results can be attributed to the
property of the 12A” triplet state PES which has a
minimal barrier in the entrance channel at a configu-
ration 7o = 1.70 A, rpo = 1.432 A (1 A=0.1 nm),
and 0 = 123.3°, H(D) is closer to the O atom, and
the reaction in the first channel happens more eas-
ily. When the D atom is substituted for the H atom,
the reagent relative velocity becomes smaller, and the
heavier attacking D atom slowly approaches the OF
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Fig. 4. Comparisons of product ratio between branch re-
actions H(D)4+OF—H(D)O+F, where the solid line indi-
cates the reaction H+OF— HO+4+F, the dash line denotes
the reaction D+OF—DO+F.

molecule and falls together with the O atom before it
migrates round to meet the F atom; as a result, the
product of D + OF is larger than that of the H + OF
reaction at the same collision energy

In order to shed more light on the isotopic ef-
fect on the title reactions, the isotopic effect was also
analysed by taking into account the vector proper-
ties. A comparison between the product rotational
alignments of the H(D) + OF — H(D)O + F reactions
as a function of collision energy is shown in Fig. 5.
It can be seen from the figure that the (Pa(j' - k))
values for the H 4+ OF reaction are almost invariant
with collision energy, but with excruciating atten-
tion to detail, the (Pa2(j’ - k)) value becomes slightly
smaller as collision energy increases, indicating that
there are weak product rotational alignments and the
alignment becomes strong to some extent when the
collision energy increases. In this case, we can de-
duce that the reaction belongs to light-heavy-heavy
(LHH) mass combination, the product orbital angular
momentum is large, and the reactant orbital angular
momentum has less influence on the molecular prod-
uct rotational alignment, which is consistent with
the previous calculations.!*>] However, the (Py(5" - k))
values for the D + OF reaction present a similar trend
to the ones for the H + OF reaction at collision ener-
gies larger than 0.3 eV. The difference between these
two reactions is that all the values of (P(j’ - k)) for
the H + OF reaction are larger than the ones for
the D + OF reaction, especially at lower collision en-
ergies. In our calculation, the maximal rotational
quantum number of the DO molecule is larger than
that of the HO molecule for the same collision en-
ergy (for example, Ec = 0.27 eV, jn.po)y = 43,
Jmax(o) = 32; Ec = 0.5eV, jnaxpmo)y = 48,
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Fig. 5. Comparison between the product rotational align-
ments of the H(D)+OF—H(D)O+F reactions as a func-
tion of collision energy, where the solid line indicates the
reaction H+OF—HO+F, and the dash line denotes the
reaction D+OF—DO+F.
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Jmax(HO) = 36, etc.), and the rotational alignment of
product DO is stronger than that of HO. This differ-
ence may be attributed to the difference in mass be-
tween the incident atoms. The H atom is much lighter
than the D atom, so the reaction H+ FO — OH + F
is a more typical LHH mass combination than the
D + OF — DO + F reaction, and this mass effect is
more evident at low collision energy.

4. Conclusions

In this paper we have performed a QCT calcu-
lation for the reaction H(D) + OF — H(D)O + F

based on the 13A” state PES and several scalar prop-
erties, and the product rotational alignments of the
two reactions are compared. Remarkable differences
are found though there are many similarities in the
two systems. The results imply that both the scalar
and the vector properties are affected by the isotopic
substitution, which can be ascribed to the kinematic
effect and the difference in relative velocity between
the reactants. In order to understand a reaction com-
pletely, the isotope effect is also an important aspect
to be considered. We are looking forward to the ex-
perimental studies on the H(D) + OF reaction systems
so that a comparison between theory and experiment
can be made.
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