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jectory study of the C(1D) + HD
reaction

Chunfang Zhang,abc Yujun Zheng,d Jianwei Cao *a and Wensheng Bian *ab

The isotopic product CD/CH branching ratios, thermal rate coefficients, as well as other dynamical

quantities of the C(1D) + HD / CD(H) + H(D) reaction are investigated by detailed quasiclassical

trajectory calculations on the highly accurate singlet ground-state (ã1A0) and the first excited-state (~b1A00)
global ab initio potential energy surfaces (PESs) recently constructed by us. The calculated CD/CH

branching ratios are in reasonable agreement with experiment. The thermal rate coefficients in the

temperature range of 200–1500 K are calculated, and the obtained values at room temperature are in

very good agreement with available experimental data. The distinct topographical features between the

present and previous PESs, which influence the CD/CH branching ratio, are also discussed. In addition,

the effect of the ~b1A00 PES is investigated, and the results show that the contribution from the ~b1A00 PES to

the total reactivity is rather noticeable.
1 Introduction

The isotopic product DX/HX branching ratio for the X + HD (X is
an atom or radical) reaction serves as a very sensitive probe of
the reaction dynamics because of the large mass disparity of the
H and D atoms, and it has been used to acquire understanding
of the chemical reaction dynamics for many years. For example,
a combined theoretical and experimental investigation of the
DCl/HCl branching ratio of the Cl + HD reaction has revealed
that the van der Waals (vdW) forces in the entrance valley play
a decisive role to the outcome of this reaction at low collision
energies, and it has become widely recognized that the weak
vdW forces could have substantial effects on the reaction
dynamics.1,2

Unlike the Cl + HD reaction that proceeds with an activation
barrier, the C(1D) + H2 reaction is characterized by a deep
potential well and regarded as a prototype in the study of the
dynamics of the complex-forming reactions.3–5 There are
a number of kinetic and dynamical studies for the C(1D) + H2

and C(1D) + D2 reactions,6–16 but the C(
1D) + HD reaction has not

been sufficiently studied. In 1997, Sato et al.17 reported the
product CD/CH branching ratio of 1.61 � 0.10 for the title
reaction at the collision energy of 3.7 kJ mol�1 and measured
the thermal rate coefficients using laser-induced uorescence
(LIF) technique. There was also an earlier experiment by Fisher
et al.18 that reported a value of 1.69 � 0.07 for the product CD/
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CH branching ratio by using LIF technique at collision energies
less than 4.2 kJ mol�1. To our knowledge, the detailed dynam-
ical experimental investigations such as crossed molecular-
beam (CMB) experiments are still lacking for the C(1D) + HD
reaction. On the theoretical side, several research groups19–22

studied the title reaction using a global ab initio potential
energy surface (PES) for the singlet ground state (ã1A0) con-
structed by Bussery-Honvault et al. (BHL PES)23 and its modied
version (RKHS PES).24 In particular, Defazio et al.19 obtained the
cross sections, isotopic branching ratios and rate coefficients
using the real wave packet (WP) method, Kang et al.20,21 reported
the product CD/CH branching ratio as well as the vector corre-
lation between products and reagents using the quasiclassical
trajectory (QCT) method, and Lin et al.22 investigated the state-
to-state integral cross sections (ICSs) and thermal rate coeffi-
cients by the statistical model method. In 2011, Varandas and
coworkers carried out QCT calculations on a double many-body
expansion (DMBE) PES25 constructed by themselves and ob-
tained the rate coefficients as well as isotopic product branch-
ing ratios for the title reaction.26 In 2013, Sun et al.27 performed
quantum wave packet calculations on a global ab initio PES for
the C(1D) + H2(D2) reaction, which yielded rate coefficients in
good agreement with experiment. Recently, a highly accurate
global ab initio PES for the ã1A0 state has been reported by our
group,28 referred to as the ZMB-a surface. This surface is unique
in the accurate description of the regions of vdW interactions
and around conical intersections (CIs). The subsequent accu-
rate quantum dynamics29 (QD) and QCT30 calculations on this
surface for the C(1D) + H2 reaction yielded some interesting
results. Besides the singlet ground state, the rst excited (~b1A00)
state is also expected to play an important role.31 Up to now,
only Defazio et al.19 have investigated the contribution of the
This journal is © The Royal Society of Chemistry 2017
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~b1A00 state to the overall ICSs and rate coefficients for the C(1D) +
HD reaction using the BJHL PES constructed by Bussery-
Honvault et al.32 Most recently, a highly accurate global ab ini-
tio PES for the excited ~b1A00 state has been constructed by our
group.33 Accurate QD calculations on our ã1A0 and ~b1A00 surfaces
yielded various dynamical quantities for the C(1D) + D2 reaction
in very good agreement with results from crossed-beam exper-
iments, which was not achieved before on the PESs constructed
by other groups. More importantly, it was found33 that the weak
long-range forces cause vdW saddles in this kind of complex-
forming reaction which have very different dynamical effects
from vdW wells at low collision energies, and the importance of
the excited ~b1A00 PES was also revealed. In addition, a general
denition of vdW saddle in a chemical reaction was given in
that work,33 which is expected to become a useful concept in the
study of complex-forming reactions. However, the dynamics for
the title reaction has not been studied on the newly built and
more accurate PESs. To gain more insights into the dynamics of
the C(1D) + HD reaction, detailed QCT calculations are per-
formed on our ã1A0 and ~b1A00 surfaces in this work.

Meanwhile, despite the fact that it is affordable to perform
full-dimensional accurate quantum dynamics calculations at
the state-to-state level for tri-atomic reactive systems nowa-
days, the QCT method remains a valid and efficient tool for
the study of reaction dynamics,34–37 which can give good
approximation to various scattering dynamical properties and
is useful for dissecting the various reaction mechanisms. In
many cases, however, the QCT calculations with the conven-
tional histogram binning (HB) approach suffer from lacking
the constraint of the zero-point energy (ZPE) in each vibra-
tional mode of the products. To deal with this problem, the
Gaussian binning (GB) type approaches38–41 have been
proposed, where each reactive trajectory is assigned to
a weight coefficient according to a Gaussian function centered
on the integer vibrational action of the products. Because the
C(1D) + HD reaction has two isotopic product channels, the
present work also provides us a good chance to verify the
effectiveness of the GB approach by comparing the HB and GB
results.

In the present work, detailed QCT calculations for the C(1D)
+ HD reaction are performed on the most recent ã1A0 (ZMB-a)
and ~b1A00 ab initio PESs. Various dynamical and kinetic quan-
tities are obtained with both the HB and GB approaches, and
compared with the available experimental measurements as
well as the previous theoretical results. Moreover, the important
effect of the PES topographical features and the contribution of
the ~b1A00 PES are analyzed. This paper is structured as follows. In
the next section, the details for the QCT calculations are eluci-
dated; then the results are presented and discussed; the
conclusions are given in the last section.

2 Methods and computational details

The QCT method has been described in detail elsewhere,42–45

here we just give some details. The present QCT calculations
were performed by using a modied version of the VENUS96
code46,47 customized to incorporate our ã1A0 and ~b1A00 PESs.28,33
This journal is © The Royal Society of Chemistry 2017
All trajectories were initiated at the C(1D) + HD asymptote with
a separation of 8.0 Å, and a time step of 0.02 fs was chosen,
which guarantees an energy conservation of better than 1 in
106. The maximum impact parameter bmax was estimated at
different initial conditions by a scheme similar to that
described in our previous work.30 In this paper, we rstly
calculated batches of 10 000–15 000 trajectories at collision
energies of 0.01, 0.02, 0.03, 0.038, 0.05, 0.08, 0.1, 0.2, 0.3, 0.4
and 0.5 eV with the initial HD molecule set on its ground
rovibrational state (v ¼ 0, j ¼ 0), where the impact parameter
b is randomly sampled between 0 and bmax with the bmax

values of 5.9, 5.0, 4.5, 4.3, 3.9, 3.4, 3.2, 2.7, 2.5, 2.4 and 2.3 Å,
respectively; we also calculated batches of 10 000 trajectories
at the temperatures of 200, 298, 500, 1000, 1500 K with
b randomly sampled between 0 and 7.0 Å, in which the relative
translational energy was randomly selected to mimic the
Boltzmann distribution and the initial HD was set on different
rovibrational states related to the rovibrational Boltzmann
distribution at the given temperature. In the GB approach, the
full-width-half-maximum (fwhm) of the Gaussian function
was set to 0.1.

The ICS is derived by the traditional expression:

sr ¼ pbmax
2 1

Nt

XNr

i

wi (1)

where Nr is the number of the reactive trajectory, Nt is the
number of the total trajectory, and wi is the Gaussian weight of
the i-th reactive trajectory in the GB approach and is set to 1 in
the HB approach.

The thermal rate coefficient can be calculated from

kðTÞ ¼ ge

�
8kBT

pm

�1=2

�
X
vj

ð2j þ 1Þexp��Evj

�
kBT

�
Qvj

ðN
0

sðErel; v; jÞPðErelÞdErel

(2)

where ge ¼ 1/5 is the electronic degeneracy factor, kB is the
Boltzmann constant, m is the reducedmass of the reagents, Evj is
the rovibrational energy of the HD (v, j), Qvj is the corresponding
partition function, s(Erel,v,j) is the reactive cross section, and
Erel is the relative translational energy.

The DCS is obtained by the method of moment expansion in
Legendre polynomials with the expression of42,43

d2sr

dU
¼ sr

2p
gðcos qÞ ¼ sr

2p

XM
n¼0

2nþ 1

2
\Pnðcos qÞ.Pnðcos qÞ

(3)

where Pn(cos q) is the n-degree Legendre polynomial, U is the
solid angle (dU ¼ 2p sin qdq), and q is the scattering angle
dened as the angle between the velocity vector of the product
H/D and that of the reagent HD in the center-of-mass system (q
¼ 0 degrees is taken as the forward direction). The truncation of
the polynomial series is addressed by performing the Smirnov–
Kolmogorov test.48 Signicance levels higher than 94% can be
achieved using 4 to 12 Legendre moments.
RSC Adv., 2017, 7, 34348–34355 | 34349
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3 Results and discussion
3.1 Excitation functions

Fig. 1 shows the excitation functions for both the CH + D and
CD + H channels of the state-specic C(1D) + HD (v ¼ 0, j ¼ 0)
reaction on the ZMB-a surface, together with the previous
theoretical results on the BHL and DMBE surfaces.19,26 As can be
seen, for both channels the present HB and GB ICSs decrease
sharply from very large values with the increase of the collision
energy and then keep nearly constant at high collision energies,
indicating that the title reaction proceeds through the insertion
mechanism on the ground surface. The similar trend can also
be found in the previous theoretical excitation functions,19,26

however, some differences should be noted. At the collision
energy of 0.01 eV, both the ICSs on the ZMB-a and DMBE PESs
are much larger than those obtained from the BHL PES.
Considering that the deep well regions of the three PESs are
broadly similar and the CI regions are not accessible at low
energies, the much smaller ICSs on the BHL PES at low energies
could be attributed to the deciencies of the BHL PES in the
long-range region. In particular, as mentioned in our previous
work,33 the vdW saddle on the ZMB-a PES enhances reactivity at
low collision energies, which is absent on the BHL PES. In
addition, the present CH + D ICSs are much larger than those on
Fig. 1 Excitation functions for both the CH + D (upper panel) and the
CD + H (lower panel) channels of the C(1D) + HD (v¼ 0, j ¼ 0) reaction
obtained from various singlet ground surfaces. The black squares
display the QCT-HB results on the ZMB-a surface, the blue triangles
indicate the QCT-GB results on the ZMB-a surface, the red circles give
the QCT-HB results on the DMBE surface,26 and the pink dashed line
presents the quantum wave packet (WP) results on the BHL surface.19

34350 | RSC Adv., 2017, 7, 34348–34355
the DMBE PES at the collision energies of 0.02–0.3 eV, and the
present CD + H ICSs are somewhat larger than those on the
DMBE PES at the collision energies of 0.02–0.1 eV, which could
be attributed to the different topographical features of the two
PESs in the CI and vdW regions. The different PES topograph-
ical features between the ZMB-a and DMBE PESs are further
discussed in the following section.

By comparing the present HB and GB ICSs in Fig. 1, we can
nd that for collision energies larger than 0.02 eV the difference
is not evident. However, at the collision energy of 0.01 eV, the
GB ICS is larger than the HB ICS in the CH + D channel, while in
the CD + H channel the GB ICS is smaller than its HB coun-
terpart. To investigate the cause of this phenomenon, we check
the product vibrational state resolved ICSs at this collision
energy. For the CH + D channel, the present HB ICS (v0 ¼ 0), 30.3
� 0.5 Å2, is smaller than the GB ICS (v0 ¼ 0), 33.6 � 1.5 Å2, and
the difference between the HB ICS (v0 ¼ 1), 0.6 � 0.1 Å2 and the
GB ICS (v0 ¼ 1), 0.0 Å2, is very small; for the CD + H channel, the
present HB ICS (v0 ¼ 0), 49.3� 0.5 Å2, is nearly the same with the
GB ICS (v0 ¼ 0), 48.6 � 1.6 Å2, while the HB ICS (v0 ¼ 1) is 7.6 �
0.3 Å2, which is much larger than the GB ICS (v0 ¼ 1), 2.1 � 0.4
Å2. Obviously, the CD + H ICS (v0 ¼ 1) is overestimated in the HB
approach, which results from that many reactive trajectories
with v0(CD) being in the range from 0.5 to 1.5 are treated as
effective reactive trajectories in the HB approach but assigned
very small weights in the GB approach. Thus the ICSs, especially
those for the vibrational excitation product channel, are very
sensitive to the ZPE leakage at low collision energies, where the
GB approach should be used to correct the ZPE leakage.

In addition, we investigate the contribution of the excited
~b1A00 PES. As shown in Fig. 2, for both channels, the excitation
functions on the ~b1A00 PES show similar trend with the collision
energy to those on the ground PES; the contribution of the ~b1A00

PES to the total reactivity is about 25–45%. In particular, at the
collision energy of 0.038 eV, for the CH + D channel the present
GB ICS values are 16.0 � 0.7 Å2 on the ã1A0 surface and 5.6 � 0.5
Å2 on the ~b1A00 surface, which can be compared with the WP
values19 of 13.6 Å2 on the ã1A0 BHL surface and 7.0 Å2 on the
~b1A00 BJHL surface by Defazio et al.; for the CD + H channel, the
present GB ICS values are 25.8 � 0.9 and 19.0 � 0.8 Å2 on the
ã1A0 and ~b1A00 surfaces respectively, and the corresponding WP
values19 are 17.6 and 14.5 Å2.
3.2 Isotopic branching ratios

The calculated product CD/CH branching ratios obtained by
ICSCD+H/ICSCH+D for the C(1D) + HD (v ¼ 0, j ¼ 0) reaction as
a function of the collision energy are presented in Fig. 3. As can
be seen, at the collision energy of 3.7 kJ mol�1, the present HB
value of the product CD/CH branching ratio is 1.58 � 0.03 and
the GB value is 1.61 � 0.10 on the ZMB-a surface, whereas the
HB result from the DMBE surface is 1.91 (ref. 26) and that from
the BHL surface is 1.78.20 Although the CD/CH branching ratios
on the ZMB-a surface are in very good agreement with the
experimental value of 1.6 � 0.1 reported by Sato et al.17 and an
earlier experimental value18 of 1.69 � 0.07 which is measured at
collision energies less than 4.2 kJ mol�1, when the ~b1A00
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Excitation functions for both the CH + D (upper panel) and the
CD + H (lower panel) channels of the C(1D) + HD (v¼ 0, j ¼ 0) reaction
obtained from our ã1A0 and ~b1A00 surfaces. The corresponding contri-
bution of the ~b1A00 surface is also displayed.

Fig. 3 CD/CH product branching ratios for the C(1D) + HD (v ¼ 0, j ¼
0) reaction as a function of the collision energy on our ã1A0 ZMB-
a surface (upper panel) and both the ã1A0 and ~b1A00 surfaces (lower
panel). On the upper panel, the black squares display the HB results,
the blue triangles give the GB results, the violet line gives the QCT-HB
results on the DMBE surface,26 and the blue dot line presents the QCT-
HB results on the BHL surface.20 On the lower panel, the pink squares
display the HB results, and the navy triangles give the GB results. The
experimental value of Sato et al.17 (in solid red circle) is also presented.
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contribution is included, the overall HB product CD/CH
branching ratio at the collision energy of 3.7 kJ mol�1 is 1.93
� 0.07 and the corresponding GB value is 2.07 � 0.23, which
become somewhat larger than experiment. However, Hickson
et al.49,50 have recently reported new experimental rate coeffi-
cients for the C(1D) + H2 and C(1D) + D2 reactions, and they
concluded that several key secondary reaction rates required in
the tting procedure used by Sato et al.17 may be incorrectly
estimated, indicating the potential uncertainty of their reported
experimental branching ratio,17 thus more precise experiments
on the C(1D) + HD reaction are required.

More interestingly, as seen from the upper panel of Fig. 3, at
collision energies smaller than 0.1 eV, the present GB branching
ratios on the ZMB-a surface do not change drastically, while it
seems the corresponding HB results decrease slightly with the
increase of the collision energy and the trend is similar to the
previous QCT-HB results on the BHL and DMBE PESs,20,26 which
may result from that in the HB approach the reactivity of the CD
(v0 ¼ 1) channel is overestimated at low collision energies; for
collision energies larger than 0.3 eV, both our HB and GB results
tend to increase slightly with the rise of the collision energy,
while the previous QCT results are nearly collision energy
independent. Nevertheless, it shows both the present and
previous QCT results on the ground surfaces for the CD + H
channel are more populated than the CH + D channel in the
whole energy range. This can be explained from a statistical
This journal is © The Royal Society of Chemistry 2017
point of view as follows. The title reaction proceeds via a deep
well and the yielding of product CD(H) can be regarded as the
decomposing of the D–C–H complex, the long lifetime of which
leads to a statistical population of the internal states. Then
more states of CD related are populated than those of CH
related as a result of the difference in the reduced masses.
Because of that each state of the D–C–H complex has equal
probability of decomposing, the CD product will possess more
open channels than the CH product at a given collision energy
and is statistically favored. Similar phenomenon has also been
found in other insertion reactions such as O(1D) + HD.51 When
the ~b1A00 contribution is included, both the HB and GB
branching ratios display almost negative collision energy
dependence at collision energies smaller than 0.3 eV, indicating
that the dynamics picture on our ~b1A00 PES is more complex.

It should be noted that the present branching ratios on the
ZMB-a surface are appreciably smaller than those obtained
from the DMBE surface over the whole energy range, which can
be explained by the distinct PES topographical features. In the
following we give a qualitative analysis based on the compar-
ison of the contour plots for the ZMB-a (Fig. 4) and DMBE
(Fig. 10 in ref. 25) surfaces, where the dissociated process from
RSC Adv., 2017, 7, 34348–34355 | 34351
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Fig. 4 Contour plot of the ZMB-a PES for the H atom moving around
the CH product with the CH bond length fixed at its equilibrium bond
length of RCH¼ 2.116 bohr, where the CH product lies along the X-axis
with the center of the bond located at the coordinate origin. Contours
are in kcal mol�1 and the energy of the C(1D) + HD asymptote is taken
as zero. The blue lines are contours equally spaced by 5.0 kcal mol�1,
while the black lines are contours equally spaced by 0.02 kcal mol�1.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 3
:3

6:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
intermediate to product can be regarded as the H (or D) atom
leaving from the deep well to the product region in various
directions (corresponding to various potential energy curves).
We use red dot lines to distinguish two kinds of regions: for the
region above the red dot lines, the energy is rising monoto-
nously from the deep well to the product region without any
barrier in each potential energy curve; whereas for the region
under the red dot lines, there will be a barrier caused by CIs
along each potential energy curve, and this barrier may inhibit
the D + CH channel because it is more difficult to surmount the
barrier for the heavier D-atom than for the lighter H-atom. It can
be easily found that the regions under the red dot lines on the
DMBE PES are much more widespread than those on ZMB-a,
which may lead to an underestimation of the reaction proba-
bility of the D + CH channel and result in larger CD/CH
branching ratios.
3.3 Thermal rate coefficients

The thermal rate coefficients of the CH + D and CD +H channels
as well as the thermal CD/CH branching ratios (i.e., kCD+H/
kCH+D) calculated with the QCT-HB approach are presented in
Table 1, where the previous QCT-HB results on the DMBE
surface and available experimental data are also listed for
comparison. As seen, the rate coefficients for both channels are
weakly dependent on temperature from 200 to 1500 K. Besides,
the present ã1A0 rate coefficients are larger than those computed
on the DMBE surface over the whole temperature range,
resulting from different topologies of the two PESs in the CI and
vdW regions. The ~b1A00 surface contributes noticeably to the
overall rate coefficient, which accounts for about 30–43%. At
room temperature, the present thermal rate coefficient for the
title reaction is (2.26 � 0.14) � 10�10 cm3 s�1, which is in good
agreement with the experimental value17 of (1.7 � 0.4) � 10�10

cm3 s�1. In particular, our value of the CD + H channel is (1.50�
0.06) � 10�10 cm3 s�1, which agrees well with the experimental
value17 of (1.2� 0.5)� 10�10 cm3 s�1; as for the CH + D channel,
our value of (0.76 � 0.04) � 10�10 cm3 s�1 is also in very
34352 | RSC Adv., 2017, 7, 34348–34355
good agreement with the experimental value17 of (0.7 � 0.3) �
10�10 cm3 s�1.

We can also see from Table 1 that the present thermal CD/
CH branching ratio is nearly temperature-independent on the
ZMB-a surface, which is consistent with the previous QCT
results on the DMBE surface. It is interesting that the difference
between the CD/CH branching ratios under thermal conditions
and those at the initial state-specic (v ¼ 0, j ¼ 0) conditions is
not signicant on the ZMB-a surface, indicating that the CD/CH
branching ratios are not sensitive to the initial reagent HD
rotational excitation. This is understandable because the long-
lived intermediate makes almost all memory of the initial
conditions of the reagents be lost. However, the total thermal
CD/CH branching ratio shows negative temperature depen-
dence, resulting from that the thermal branching ratio on our
~b1A00 surface decreases with the increasing temperature, indi-
cating nonstatistical dynamics behaviours on the ~b1A00 surface.
Obviously, the addition of the ~b1A00 contribution can not only
increase the absolute rate coefficient of the two product chan-
nels, but also inuence the temperature dependence of the
thermal CD/CH branching ratio, thus it is rather necessary to
investigate reactions which happen on the ~b1A00 surface.
3.4 Product state and angular distributions

Fig. 5 shows the product vibrational distributions for the C(1D)
+ HD (v ¼ 0, j ¼ 0)/ CH(CD) (v0, j0) + D(H) reaction at different
collision energies. As can be seen, for both channels, the ICS (v0

¼ 1)/ICS (v0 ¼ 0) ratios are smaller than 0.7 over the whole
collision energies, indicating that most products (CH or CD) are
in the ground vibrational state; the inclusion of the ~b1A00

contribution further reduces the total ICS (v0 ¼ 1)/ICS (v0 ¼ 0)
ratios evidently. For each channel, both the HB and GB ICS (v0 ¼
1)/ICS (v0 ¼ 0) ratios tend to increase with the rise of the colli-
sion energy, and the GB ratios are much smaller than the HB
ratios at low collision energies. At given collision energy, the ICS
(v0 ¼ 1)/ICS (v0 ¼ 0) ratio of the CH + D channel is smaller than
that of the CD + H channel, which consists with the conse-
quence of decomposing the D–C–H complex. In particular, at
low collision energies, the GB results display no threshold for
the CD (v0 ¼ 1) product in the CD + H channel while predict
a reaction threshold of 0.1 eV for the CH (v0 ¼ 1) product in the
CH + D channel. Therefore at collision energies less than 0.1 eV,
only CD (v0 ¼ 1) product can be found, this interesting
phenomenon would be observed experimentally.

The calculated rotationally state-resolved ICSs for the C(1D) +
HD (v ¼ 0, j ¼ 0) / CH(CD) (v0 ¼ 0, j0) + D(H) reaction at the
collision energy of 0.038 eV are displayed in Fig. 6. For each
channel, both the HB and GB rotational state distributions on
the ZMB-a surface are highly inverted and peak at high rota-
tional states, which supports the complex-forming mechanism.
In particular, the GB rotational state distribution of the CH + D
channel shows a sharp peak at j0 ¼ 9 and extends to j0 ¼ 13,
while that of the CD + H channel peaks at j0 ¼ 13 and reaches j0

¼ 18. For both channels, the inclusion of the ~b1A00 contribution
makes the total rotational distributions a little cooler. The
rotational state distribution of the CD + H channel is hotter
This journal is © The Royal Society of Chemistry 2017
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Table 1 Thermal rate coefficients k and CD/CH branching ratios GCD/CH for the C(1D) + HD reaction

T (K) State

1010k (cm3 s�1)

GCD/CHCD + H CH + D Total

This work Othersa Expb This work Othersa Expb This work Othersa Expb This work Othersa

200 ã1A0 0.87 � 0.02 0.79 � 0.02 0.54 � 0.01 0.38 � 0.02 1.41 � 0.04 1.17 1.61 � 0.05 2.08
~b1A00 0.65 � 0.01 0.23 � 0.01 0.88 � 0.04 2.83 � 0.13
ã1A0 + ~b1A00 1.52 � 0.04 0.77 � 0.04 2.29 � 0.13 1.97 � 0.11

298 ã1A0 0.88 � 0.02 0.73 � 0.02 1.2 � 0.5 0.53 � 0.01 0.35 � 0.01 0.7 � 0.3 1.41 � 0.03 1.08 1.7 � 0.4 1.67 � 0.04 2.08
~b1A00 0.62 � 0.02 0.23 � 0.01 0.85 � 0.05 2.70 � 0.15
ã1A0 + ~b1A00 1.50 � 0.06 0.76 � 0.04 2.26 � 0.14 1.97 � 0.12

500 ã1A0 0.83 � 0.02 0.66 � 0.02 0.52 � 0.02 0.36 � 0.04 1.35 � 0.06 1.02 1.61 � 0.07 1.83
~b1A00 0.58 � 0.02 0.26 � 0.01 0.84 � 0.04 2.23 � 0.12
ã1A0 + ~b1A00 1.41 � 0.06 0.78 � 0.04 2.19 � 0.15 1.81 � 0.12

1000 ã1A0 0.80 � 0.03 0.67 � 0.03 0.50 � 0.02 0.35 � 0.02 1.30 � 0.07 1.02 1.59 � 0.08 1.91
~b1A00 0.52 � 0.02 0.30 � 0.02 0.82 � 0.06 1.73 � 0.13
ã1A0 + ~b1A00 1.32 � 0.07 0.80 � 0.06 2.12 � 0.20 1.65 � 0.16

1500 ã1A0 0.83 � 0.03 0.76 � 0.03 0.50 � 0.02 0.41 � 0.02 1.33 � 0.08 1.17 1.68 � 0.10 1.85
~b1A00 0.52 � 0.02 0.34 � 0.02 0.86 � 0.06 1.53 � 0.11
ã1A0 + ~b1A00 1.35 � 0.07 0.84 � 0.06 2.19 � 0.19 1.61 � 0.14

a Ref. 26 QCT-HB/DMBE. b Ref. 17.
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than that of the CH + D channel, which consists with the
experiment.17

The DCSs for both the CH + D and CD + H channels of the
C(1D) + HD (v ¼ 0, j ¼ 0) reaction at the collision energy of
Fig. 5 HB and GB results of product vibrational branching ratio
defined as ICS (v0 ¼ 1)/ICS (v0 ¼ 0) as a function of collision energy for
both the CH + D (upper panel) and CD + H (lower panel) channels of
the C(1D) + HD (v ¼ 0, j ¼ 0) reaction.

This journal is © The Royal Society of Chemistry 2017
0.038 eV are shown in Fig. 7. As expected, for each channel, both
the HB and GB DCSs on the ZMB-a surface are nearly forward–
backward symmetric with considerable polarization between
forward/backward and sideways scattering, which is a clear
Fig. 6 HB and GB results of the rotationally state-resolved integral
cross sections calculated at the collision energy of 0.038 eV for both
the CH (v0 ¼ 0, j0) + D (upper panel) and CD (v0 ¼ 0, j0) + H (lower panel)
channels of the C(1D) + HD (v ¼ 0, j ¼ 0) reaction.

RSC Adv., 2017, 7, 34348–34355 | 34353
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Fig. 7 HB and GB results of the differential cross sections calculated at
the collision energy of 0.038 eV for both the CH + D (upper panel) and
CD + H (lower panel) channels of the C(1D) + HD (v¼ 0, j¼ 0) reaction.
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indication of that the reaction proceeds via a long-lived
complex. The present HB DCS of the CH + D channel on the
ZMB-a surface is consistent with the previous QCT result on the
BHL PES,21 which is also forward–backward symmetric with
a similar polarization between forward/backward and sideways
scattering. When the ~b1A00 contribution is included, the overall
DCSs for both the CH + D and CD + H channels are also nearly
forward–backward symmetric, and in contrast to this, a forward
bias appears in the overall DCS when the contribution of the
~b1A00 BJHL PES is added.52 Unfortunately there has been no
experimental data for the DCS of the title reaction up to now,
and more experimental studies are desired to verify the theo-
retical predictions.

4 Conclusions

In this work, we have reported the detailed QCT calculations for
the C(1D) + HD reaction on our recently constructed ã1A0 and
~b1A00 ab initio PESs. The isotopic product CD/CH branching
ratios, thermal rate coefficients, and other dynamical quantities
have been investigated. The present ICSs on the ZMB-a surface
are much larger than those on the previous singlet ground
surfaces at low collision energies, which can be attributed to the
improvement of the ZMB-a surface in the vdW and CI regions.
The calculated overall CD/CH branching ratios show almost
negative collision energy dependence at collision energies
smaller than 0.3 eV; at the collision energy of 3.7 kJ mol�1, our
results are in reasonable agreement with the experimental
34354 | RSC Adv., 2017, 7, 34348–34355
value. The calculated thermal rate coefficients at room
temperature are in very good agreement with the available
experimental data. For each product channel, the DCS is
dominated by scattering in both forward and backward direc-
tions with almost forward–backward symmetry; most products
are in the vibrational ground state; the rotational state distri-
bution for the CD + H channel is hotter than that for the CH + D
channel, which is consistent with the available experimental
measurements. The contribution of the ~b1A00 PES accounts for
around 25–45% to the total ICSs and rate coefficients; the
addition of the ~b1A00 contribution reduces the ICS (v0 ¼ 1)/ICS (v0

¼ 0) ratio and leads to a somewhat colder rotational distribu-
tion, while the overall DCSs remain nearly forward–backward
symmetric. We have also compared the various dynamical
quantities obtained using the HB approach with their GB
counterparts; although the GB DCSs are similar to the HB ones,
the GB approach yields much smaller ICS (v0 ¼ 1), colder
product vibrational and rotational distributions for both
channels than those obtained by the HB approach, indicating
that the ZPE problem could be effectively mitigated by the GB
approach. It is our hope that the present study would stimulate
further experimental interests in the title reaction.
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6 F. J. Aoiz, L. Bañares and V. J. Herrero, J. Phys. Chem. A, 2006,
110, 12546–12565.

7 D. C. Scott, J. de Juan, D. C. Robie, D. Schwartz-Lavi and
H. Reisler, J. Phys. Chem., 1992, 96, 2509–2518.

8 K. Mikulecky and K.-H. Gericke, J. Chem. Phys., 1993, 98,
1244–1251.

9 M. R. Scholeeld, S. Goyal, J.-H. Choi and H. Reisler, J. Phys.
Chem., 1995, 99, 14605–14613.

10 Z. Zhang, H. Ma and W. Bian, J. Chem. Phys., 2011, 135,
154303.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03966b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 3
:3

6:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 A. Bergeat, L. Cartechini, N. Balucani, G. Capozza,
L. F. Philips, P. G. Casavecchia, G. Volpi, L. Bonnet and
J.-C. Rayez, Chem. Phys. Lett., 2000, 327, 197–202.

12 N. Balucani, G. Capozza, L. Cartechini, A. Bergeat,
R. Bobbenkamp, P. Casavecchia, F. J. Aoiz, L. Bañares,
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