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Abstract. By using the time-dependent quantum wave packet method, we report a de-
tailed dynamics study of H exchange reaction H’(®S) + CH(X?IT) — H(*S) + CH'(X?TI)
and the isotope effects of H(*S) + CH(X?IT) — C('D) + Hz(Xl)Z;) reaction on the 11A
BHL potential energy surface. The reaction probabilities and integral cross sections
have been obtained for the initial states v = 0 and j = 1 of the reactant molecules. The
dense resonance structures in the reaction probabilities at all total angular momentums
indicate complex-forming mechanisms for both C + H, and H + CH products. A com-
parison between the results from centrifugal sudden approximation and those from
close-coupled calculations demonstrates that the Coriolis coupling effects get more
and more pronounced with increasing of | for both H exchange reaction and CH de-
cay reaction. The isotopic D substitution of reactant significantly influences the CH
decay reaction. Moreover, it is revealed that the dynamical features such as partial
wave contributions to the cross section are substantially different for these two chan-
nels.

PACS: 82.20.Fd, 71.15.Pd
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1 Introduction
Methylene molecule is an important intermediate in many organic reactions. It also plays
an important role in astrochemical and combustion processes. As a prototype insertion

reaction, C + Hy — H + CH has drawn a great deal of attention in both experiments
and theory, indicating that the reaction proceeds via the CH; intermediate which lives
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sufficiently long to permit complete energy randomization. So far, many experimental
investigations of the CH; system have been done in understanding the kinetics [1] and
dynamics [2-6]. The rotational state distribution of CH was measured and the reaction
C('D) + H, was concluded to proceed via insertion of C(1D) into the H-H bond in a facile
manner.> The product angular distribution measured in a molecular beam experiment
shows a backward-forward symmetry, suggesting the dominance of a long-lived CH»
complex [3]. Isotope effect has been studied for the C(*D) + H; reaction by Fisher and
co-workers, who measured the CD/CH branching ratio and estimated the thermal rate
constants for reactions C(!D) + H,/D; [4]. The product CH is found to be highly rota-
tionally excited, and the -doublet and spin-orbit components are equally populated in the
reaction C('D) + H, [5]. The CH rotational distribution was also observed from C('D) +
Hy collision by laser-induced fluorescence [6], which shows that only a small fraction of
the CH product is formed in its vibrationally excited state. In this experiment, insertion
is the major reaction mechanism, however, the abstraction process seems to be enhanced
when the vibrational quantum number of CH product varies from 0 to 1. The rate con-
stants at the room temperature were measured for the collisions of C('D) with Hp, HD
and D, by standard pump-probe techniques, and the rotational distributions of CH and
CD products as well as the branching ratio of CD/CH were also studied, suggesting that
the long-lived complex HCH/D is formed during the reaction [7]. Moreover, the product
angular and time-of-flight distributions for the reaction C('D) + H, were obtained by the
crossed beam technique with mass spectrometric detection at the collision energy of 0.08
eV, which are in qualitative agreement with the statistical predication that the C + H»
reaction behaves nearly statistically owing to the potential well is very deep [8].

The C('D) + H, reaction and its isotopic variants have also been intensively studied
from the theoretical side. An adiabatic global potential energy surface (PES) for the first
singlet state (1'A") of CH, system has been built by Bussery-Honvault and co-workers
(BHL PES), using multireference single and double configuration interaction calculations
to characterize the state [9]. As depicted schematically in Fig. 1 of the BHL PES, for the
H exchange reaction H'(?S) + CH(X?IT) — H(*S) + CH'(X*I1) and the CH decay reac-
tion H(?S) + CH(X*IT) — C('D) + Hz(XlZ;), there exists a potential well with a depth
of about 4.15 and 4.32 eV, corresponding to the H(*S) + CH(X?II) and C('D) + Hz(xlz;)
asymptotes, respectively, located at Rcy = 2.09a9 and 0y = 102.5° in the internal coordi-
nates. In addition, there is a relatively larger barrier of 0.54 eV in the collinear abstraction
channel. A lot of achievements have been made by the quantum mechanical (QM) and
quasi-classical trajectory (QCT) methods [9-17]. based on the BHL PES. Later, Banares
and co-workers constructed a new form of the 1'A’ PES using the Reproducing Kernel
Hilbert Space (RKHS) interpolation method [18]. The new PES is free of spurious scale
feature compared to the original BHL PES, and the dynamics of C(!D) + H, and its iso-
tope reactions have been studied by accurate close-coupled (CC) QM methods on the
RKHS PES [19-23]. Also, a single sheeted double many-body expansion (DMBE) PES
was reported by fitting accurate ab initio energies from the multireference configuration
interaction method for the 1'A’ state of CH; [24], and the energies are corrected by the
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Figure 1: Schematic diagram of the PES for two reactive channels, H'(?S) + CH(X2IT) — H(2S) + CH'(X?IT)
(left) and H(%S) + CH(X?TT) — C('D) + Hy(X'Z]) (right).

DMBE scaled external correlation method to mimic full configuration interaction [25-30].
The DMBE PES has a well depth of 4.34 eV to the C(!D) + H, asymptote, which is close to
the previous BHL PES. QCT calculations for the C('D) + Hy/HD/D, reactions have been
performed on the DMBE PES, and the calculated integral cross sections (ICSs) agree well
with the available theoretical [13,17,18,21-23,31-33] and experimental [7] data.

All above works are referred to the forward insertion reaction C + H, — H + CH,
and the reaction dynamics has been well understood based on different PESs and meth-
ods. To our knowledge, the reverse reaction, H(>S) + CH(X?IT) — C(°P) + Hz(XlZ.;), has

been investigated carefully in experiments [34-36] and theory [34-39], however, the H(?S)
+ CH(X?I) reaction has not been entirely explored. The latter collision capable of sus-
taining a long-lived complex attracts us to present more physical and chemical dynamics
information of the two reactive channels H’(*S) + CH(X?IT) — H(®S) + CH’(X?II) and
H(%S) + CH(X?IT) — C('D) + Hz(xlzg).

2 Theoretical methods

In this work, time-dependent quantum wave packet method is employed to numerically
calculate dynamical properties of the title reactions on BHL PES. The general theory of
this well-known QM method is standard and referred to the published literatures [40-
44]. The following parameters were taken to get the converged results: In the reactant
Jacobi coordinates, 210 translational basis functions for R grids in the range of 0.1 to 15.0
a.u. and 100 vibrational basis functions for r grids in the range of 0.5 to 11.5 a.u. were
used. The total propagation time is 35000 a.u., and j,qx is chosen to be 80 for rotational
basis functions. We have carried out the calculations with both centrifugal sudden (CS)
approximation and CC (including the Coriolis coupling) method for comparison, and the
number of the projection of total angular momentum on the body-fixed z-axis is up to 5
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Figure 2: The CC and CS probabilities for total angular momentum | = 5, 10, 20, 30, and 40, and the CC and
CS ICSs for H(*S) + CH(X?IT; v = 0, j = 1) — C('D) + Hy(X'L]) reaction.

in the CC calculations. Due to that the lowest allowed rotational state of CH(X?II) is Ji
=1, we use the ground vibrational level and the minimal allowed rotational level of the
reactant molecule throughout the paper.

3 Results and discussion

3.1 Coriolis coupling effect in H(S) + CH(X*T]) — C('D) + Hy(X'Z])
reaction

Coriolis coupling effect, being an intramolecular process, can exist with its influence on
the relevant phenomena occurring in colliding chemical reaction process, which plays
an important role in understanding the reaction dynamic processes. Fig. 2 shows the
CC and CS probabilities for the initial quantum numbers v = 0, j = 1 of CH, and the to-
tal angular momentum | of 5, 10, 20, 30, and 40. We can see the resonance peaks are
very intense and sharp which are associated with the intermediate complex due to the
deep well in the PES. With the increasing of the total angular momentum J, the differ-
ence between the two sets of calculations becomes larger, and the overall curves shift to
high-energy part with a relatively slower shifting for CC calculations. More specifically,
for low | values, such as | = 5, the calculated CC probability is lower than that from CS
calculations, however, for | = 10, the CC probability is larger than the CS one although
the differences between them are rather small at some collision energies. As for | = 20, 30,
and 40, the significant differences are observed, and the CC values are always larger than
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Figure 3: Weighted partial wave contributions to the ICS of H(>S) + CH(X?IT; v = 0, j = 1) — C('D) +
Hz(xlzg) reaction at two collision energies (a) Ec = 0.3 eV and (b) Ec = 0.9 eV.

the CS ones in the whole collision energy range. In fact, neglecting Coriolis coupling in
the CS approximation confines the molecular rotation to the molecular plane. When the
long-lived complex is formed, out-of-plane rotations (molecules rotating in various direc-
tions) are excluded by the CS approximation, which can prompt the vibrational modes
advantageous for the bond breaking of the complex and thus excite the product forma-
tion during the collision. The similar phenomenon and conclusion are obtained in the
dynamics of He + H; [45]. Furthermore, it can be seen that the CC reaction probability
is initially becoming higher until | = 20 and then falls off, while only a monotonous de-
creasing trend is found for the CS calculations. By comparing the CC and CS results, it is
obvious that the effect of Coriolis coupling on the CH decay reaction with a deep well on
the ground state PES is remarkable, thus neglecting the Coriolis coupling is inappropriate
in accurate dynamics studies. This impression is further reinforced from the comparison
of the ICSs in Fig. 2.

Unlike the reaction probability curve, no intense resonance peaks appear in the ICSs
owing to the J-averaging effect. Although both the CC and CS cross sections have a
similar trend as a function of collision energy (specifically, the ICSs first increase rapidly
at low collision energies and reach a maximum, then decline at high collision energies),
the CC ICS is always larger than the CS one with a maximum difference of 5 times in the
collision energy range from 0.3 to 1.5 eV. Thus, the total ICS is severely underestimated
by neglecting the Coriolis coupling. The large differences of ICSs between CC and CS
calculations once again indicate that the Coriolis coupling should be considered in the
reaction dynamics study for this reaction system.

In Fig. 3, we present [-dependent partial wave contributions to the ICSs at two colli-
sion energies of 0.3 eV and 0.9 eV. From the comparison between the CC and CS results,
we can infer that the Coriolis coupling has relatively small influence for low |, never-
theless, it can not be ignored with increasing J. The CC calculations usually give much
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Figure 4: The CC and CS probabilities for ] = 5, 10, 20, 30 and 40, and the CC and CS ICSs for the H exchange
reaction H'(2S) + CH(X?II; v = 0, j = 1) — H(2S) + CH'(X?11).

more contribution to the ICS for higher | because rotating effects in various directions for
the reagent molecules are taken into account, and the trend is very obvious at the low
collision energy.

3.2 H exchange reaction H'(>S) + CH(X?IT) — H(S) + CH’(X?I])

In this section, we studied the dynamical feature as well as the Coriolis coupling effect
of the H exchange channel from the H(?S) + CH(X?II) collision. The isolation of H’(?S)
+ CH(X?IT) — H(S) + CH’(X?I1) from other channels can be realized by performing the
flux analysis [38]. The H exchange reaction also undergoes the deep well and sustains
a long-lived complex of H-C-H as shown in Fig. 1. Fig. 4 illustrates the CC and CS
reaction probabilities for | = 5, 10, 20 and 30 in the collision energy range from 0.1 eV to
1.5 eV. At low total angular momentum, such as | = 5, the differences between CC and
CS calculated probabilities are small. However, the CS probability is always smaller than
the CC one, and the performance of CS calculations gets worse gradually that the CS
probability decreases monotonously as | increases whereas the CC one increases until |
=63.

We also depict the CC and CS ICSs as a function of collision energy in Fig. 4. The dra-
matic differences between CC and CS ICSs indicate that the Coriolis coupling effect must
be carefully considered in the H exchange reaction. In addition, an adiabatic dynamics
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Figure 5: The CC probabilities for total angular momentum | = 5, 10, 20, 30 and 40, and the CC ICSs of the
H(*S) + CH(X?IT; v = 0, j = 1) — C('D) + Hy(X'E{) reaction and H'(*S) + CH(X?IT; v = 0, j = 1) —
H(2S) + CH’(X?II) reaction.

study of H + O, via a deep potential well has demonstrated that the Coriolis coupling
becomes more and more important with increasing | and collision energy [46-48]. More-
over, Coriolis coupling effect in some nonadiabatic [49-50] processes has been proved
very essential. Since the importance of Coriolis coupling has been revealed for accurate
describing the dynamical behavior of the CH decay reaction and H exchange reaction,
we only present the CC results in the following.

Fig. 5 shows the CC reaction probabilities and ICSs for two reactive channels H(3S)
+ CH(X?IT) — C('D) + Hz(XlZg) and H'(3S) + CH(X?IT) — H(*S) + CH’(X?IT). At low |
values, the reaction probabilities for the two channels have small differences in the low
collision energy region. At very high collision energies, large discrepancy between two
channels are observed, and the probabilities of the CH(X?IT) decay channel are always
bigger than those of the H exchange channel with | increasing until | = 60, which indi-
cates that the higher collision energy makes the C + Hy product more accessible. It is
clear that the exchange reaction is the dominant process at very low collision energies for
J =20, 30 and 40. From the ICSs curves, we can see that H exchange reaction occurs more
easily than the H(S) + CH(X?IT) — C('D) + Hz(xlzg) channel in the whole considered
collision energy range.

To gain more insights into the reaction dynamics for the H(?S) + CH(X?I1) collision,
we plot the J-dependent partial wave contributions to the ICSs at three collision energies
of 0.6 eV, 0.9 eV and 1.2 eV in Fig. 6. With the increasing of collision energy, the positions
of the main resonance peak move to higher |, for both channels. The resonance features
are not fully washed out after summing over | in the determination of the ICS. The main
envelopes of the partial wave contributions are obviously different for these two chan-
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Figure 6: Weighted partial wave contributions to the ICS of the (a) H(2S) + CH(X?*IT; v =0, j = 1) — C('D)
+ Hz(xlzg) reaction and (b) H'(?S) + CH(X?IT; v = 0, j = 1) — H(?S) + CH'(X?II) reaction as a function
of total angular momentum | at four collision energies Ec = 0.3 eV, 0.6 eV, 0.9 eV, and 1.2 eV.

nels, and there is a strong high-] preference in the partial wave contributions to the ICSs
for the H exchange channel, in comparison with that the major contribution originates
from the intermediate | among all the partial waves for the CH decay reaction.

3.3 Isotope effects on the H(*S) + CH(X?IT) — C('D) + Hg(Xlzg) reaction

In the present section, we will discuss the isotope effects on the dynamics of CH decay
reaction. The H + CH, H + CD, D + CH and D + CD collisions are considered in our CC
calculations. Consequently, we will pay attention to two kinds of isotopic substitutions:
(I) the H of the CH molecule is substituted by D, such as H + CD reaction; (II) the H atom
is replaced by D, such as D + CH reaction.

Fig. 7 displays the reaction probabilities for H + CH/CD and D + CH/CD with se-
lected | values and ICSs from accurate CC calculations, respectively. As shown in the
figure, the reaction probability gets increased at low | = 5 after the isotopic substitution
in the molecular CH for H + CH reaction, however, opposite tendency can be observed
with | increasing. It is worth noting that the reaction probability of reaction H + CH
increases to a maximum at | = 20 at almost collision energies and then decreases with
continuous increasing of |, however, the probability for isotopic variant H + CD presents
a monotonous decreasing trend. A similar trend can be clearly found for both D + CH
and D + CD reactions, that is, the reaction probability increases to the maximum at |
= 20 following a decline with the increasing of |]. However, the reaction probability of
the D(®S) + CD(X?*IT) — C('D) + Dz(XIZ;) reaction is always larger than that of D(%S) +
CH(X?II) — C('D) + HD(Xlzg) expect for few resonance peaks at intermediate collision
energy. Due to the [-averaging effect, the pronounced resonances in the reaction proba-
bility curves are greatly suppressed in the ICSs. From Fig. 7, we know that the reaction
probability of H + CH reaction is smaller than the corresponding probability of its iso-
tope reaction H + CD at low collision energies, leading to an intersection in ICSs at 0.5
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Figure 7: Comparisons of probabilities and I1CSs between the H(2S) + CH(X?IT; v = 0, j = 1) — C('D) +
Ha(X'ZJ) and H(*S) + CD(X*IT; v = 0, j = 1) — C('D) + HD(X'Z{), and between the D(S) + CH(X?IT;
v=0,j=1) = C('D) + HD(X'E{) and D(®S) + CD(X’IT; v = 0, j = 1) = C('D) + Dy(X'L]) reactions.

eV. For heavy D collides with CH, we note that its ICS increases remarkably in the whole
collision energy range by isotopic substituting with molecular CD.

By reconstructing the above results, we can also examine the type II isotope effect,
i.e., the atomic H not the chemically bonded H is substituted by heavier D. In Fig. 8, the
reaction probability of the H + CH reaction is always larger than that of D + CH, and the
difference between them becomes more and more remarkable with | increased, which
means the isotopic substitution of the colliding H atom will impede the CH decay, as
further illustrated from the ICSs. A comparison of reaction probability and ICSs between
the H + CD and D + CD reactions depicted in Fig. 8 also indicates that the isotopic
substitution of H atom will impede the CD decay.

4 Conclusions

In summary, we have performed quantum scattering calculations on the BHL PES to
study the dynamics of the H exchange reaction and colliding CH molecule decay reac-
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Figure 8: Comparisons of probabilities and 1CSs between the H(2S) 4+ CH(X?IT; v = 0, j = 1) — C('D) +

Ha(X'2J) and D(?S) + CH(X*IT; v = 0, j = 1) — C('D) + HD(X'%{), and between the H(*S) + CD(X?IT;

0=0,j=1) = C('D) + HD(X'L{) and D(*S) + CD(X’IT; v = 0, j = 1) = C('D) + Dy(X'L]) reactions.
tion as well as the isotope effects of the latter reactive channel. Detailed comparisons
between the collision-energy-dependent CC and CS reaction probabilities and ICSs for
both H’(?S) + CH(X?IT) — H(®S) + CH'(X?IT) and H(2°) + CH(X?IT) — C(*D) + Hz(xlz;)
reactions reveal strong Coriolis coupling effects in H(?S) + CH(X?IT) collisional reactions.
The alternative H isotopic substitutions have been studied in colliding molecule decay
reaction, and isotope effects are found to be pronounced in the calculated chemical dy-
namics quantities.
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