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The dynamics and kinetics of the Li + H2
+ reaction have been studied by means of quantum mechanical

(QM) real wave packet, wave packet with flux operator, and quasiclassical trajectory (QCT) calculations on
the ab initio potential energy surface of Martinazzo et al. [J. Chem. Phys., 2003, 119, 21]. Total initial state-
selected reaction probabilities for the title reaction have been calculated for total angular momentum J ) 0
at collision energies from threshold up to 1 eV. Wave packet reaction probabilities at selected values of the
total angular momentum up to J ) 60 are obtained using the centrifugal sudden approximation (CSA). Integral
cross sections and rate constants have been calculated from the wave packet reactions probabilities by means
of a refined J-shifting method and the separable rotation approximation in combination with the CSA for J
> 0. The calculated rate constants as function of temperature show an Arrhenius type behavior. The QM
results are found to be in overall good agreement with the corresponding QCT data.

I. Introduction

The interaction between Li atoms and ionic H2
+ molecules

is considered to be of some importance in establishing the kinetic
details of the lithium chemistry during the evolution of the early
universe.1-8 Lithium chemistry in such a rarefied, dust-free
environment is much more complicated than the H, D, and He
counterparts because the low ionization potential of the Li
species allows an effective competition between ionic and
neutral processes.5 Lithium chemistry began with radiative
association reactions in which LiH and LiH+ species were
formed. Once formed, LiH is depleted by reaction with atomic
hydrogen and may undergo rotational and vibrational excitation-
relaxation by collisions with H and He. However, it has been
found that LiH at relatively low redshifts is mainly ionized.
Therefore, a correct modeling of the Li chemistry requires to
consider also ionic processes.

Despite the low number of electrons the LiH2
+ system shows

all the complex features of the more complicated chemical
species as it has been shown in a series of ab initio studies.8-13

Recently global three-dimensional adiabatic potential energy
surfaces (PES) for the ground and first excited states of LiH2

+

system have been calculated and fitted by Martinazzo et al.13

The potential energy surfaces are based on more than 11 000
ab initio points computed using a multireference valence bond
approach12 and extended with 600 points calculated by multi-
reference configuration interaction (MRCI) based on complete
active space self-consistent-field (CASSCF) reference functions
and a large basis set. The first excited-state PES is relevant for
the hydrogen-charged species reactions such as

and its reverse

This first excited-state PES for the Li + H2
+ reaction,

schematically shown in Figure 1, is characterized by a charge-
induced dipole well 0.586 eV below the Li + H2

+ asymptote,
a deep well due to dipole-charge interaction, which lies 1.315
eV below the LiH + H+ asymptote, and a saddle point between
them which lies 0.046 eV above the Li + H2

+ asymptote.
Reaction (1) is endothermic by 0.217 eV when the zero point
energies (ZPE) of the reactants and products are considered.

Dynamical calculations for the LiH2
+ system on the first

excited-state PES are scarce. In particular, Gogtas performed
time dependent real wave packet (RWP) quantum dynamical
calculations14 for reaction (1) on the first excited state LiH2

+

PES of Martinazzo et al.13 In that work, reaction probabilities
for J ) 0 and initial state selected H2

+ (V ) 0, j ) 0-3)
were calculated as a function of total energy and then used
to get approximate integral cross sections and thermal rate
constants using a standard J-shifting approximation. The total
reaction probabilities for J ) 0 as a function of total energy
show a threshold at around 0.5 eV and increase rather
smoothly from threshold up to 1.7 eV. The observed behavior
of the reaction probabilities calculated in that work suggests
that resonances do not play a major role for the reaction.
This fact is rather surprising because the PES exhibits deep
wells and quantum reactive scattering resonances are likely
to play an important role in the reaction dynamics. It is
important to note that although the classical barrier of reaction
(1) is 0.046 eV above the reactant’s asymptote, the addition
of the ZPE to H2

+ and transition state (0.102 eV) makes the
reactants to lie at about the same level than the linear
Li-H-H+ saddle point. This poses doubts on the reliability
of the standard, most simple J-shifting model when applied
to the study of the title reaction. In addition, Pino et al. have
recently performed quasi-classical trajectory (QCT) calcula-
tions for the title reaction on the same first excited-state
PES.15 Thermal rate constants were calculated in the tem-
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perature range 600-4000 K, and found to be at variance with
those reported by Gotgas.14 Therefore, a new detailed
theoretical study of the title reaction is warranted.

In a recent work, we have reported RWP and QCT16

calculations for the reverse H+ + LiH reaction (2). State
resolved and total reaction probabilities at J ) 0 for the two
possible exchange, LiH + H+, and abstraction, H2

+ + Li,
reaction channels were presented. Integral cross sections and
rate constants were also calculated. In the case of the RWP
calculations, a capture model was used to estimate cross sections
and rate constants. It was established that the thermal rate
constants calculated by the RWP and QCT methods are nearly
independent of temperature in the 100-500 K temperature
range. Our results were in good agreement with those reported
by Pino et al.15 for reaction (2).

In the present work, we have extended our previous calcula-
tions to the endothermic Li + H2

+ reaction (reaction (1)). RWP,
wave packet with flux operator (FWP) and QCT calculations
have been carried out on the first excited-state PES of Marti-
nazzo et al.13 Initial state-resolved reaction probabilities for J
) 0 have been calculated and integral cross sections and rate
constants have been estimated from wave packet reaction
probabilities calculated for J > 0 using the Centrifugal Sudden
approximation (CSA) in combination with refined and uniform
J-shifting procedures and using the QCT method. The organiza-
tion of the paper is as follows: in section II we briefly review
the RWP, FWP, and QCT theoretical methods employed in this
work, section III presents the main results and discussions and,
finally, section IV closes with the conclusions.

II. Theory

A. Real Wave Packet Method. We have used the time-
dependent RWP method developed by Gray and Balint-Kurti.
The RWP method has been well documented in the literature17-19

and only the details relevant to the present work will be given
here. For the present calculations, the initial wave packet is
located in the asymptotic reactant channel, where there is no
influence of the interaction potential, and the propagation grid
scheme is defined using the product Jacobi coordinates. The
present RWP calculations are restricted to zero total angular
momentum, J ) 0. Calculations have been carried out up to 1
eV of collision energy in a fine grid in order to catch the
oscillatory behavior of the reaction probabilities as a function
of energy for this system. The properties of the initial wave
packet and the grid parameters used for the calculations are
given in Table 1.

B. Wave Packet Using the Flux Operator Method. An-
other time-dependent wave packet method for initial state-
selected reactive scattering is based on the following expression
for the reaction probabilities20

Here ψ(E) is a reactive scattering wave function that tends
asymptotically to a flux-normalized incoming wave in the
reactant channel plus outgoing scattered waves in all open
reactant and product channels and F is the reactive flux
operator21

where Ĥ is the Hamiltonian, h(f(x)) is the Heaviside step
function, and the equation f(x) ) 0 defines a dividing surface
between reactants and products such that the reactants are in
f(x) < 0 and the products are in f(x) < 0. The component of the
scattering wave function ψ(E) that crosses the dividing surface
f(x) ) 0 and contributes to the reactive flux can be calculated
as22

where

and φEγν
+ is an energy normalized incoming wave in the

corresponding channel. The small but finite ε term ensures the
convergence of the time integral. In this work, we use the mass-
scaled Jacobi coordinates RR, rR, and γR of the reactant
arrangement, in terms of which the Hamiltonian Ĥ for total
angular momentum J ) 0 is23

where

and

The flux dividing surface is defined as

Figure 1. Schematic reaction path and energetics for the Li + H2
+f

LiH + H+ reaction on the PES of Martinazzo et al.13 Energies (in eV)
are referred to the asymptotic valley of the Li + H2

+ reactants.

P(E) ) 〈ψ(E)|F|ψ(E)〉 (3)

TABLE 1: Parameters Used in the RWP Calculationsa

reactant scattering coordinate range: Rmin ) 0.0; Rmax ) 30.5
number of grid points in R: 319
diatomic coordinate range: rmin ) 0.5; rmax ) 29.5
number of grid points in r: 319
number of angular basis functions: 80
center of initial wave packet: R0 ) 28.5
Gaussian width factor: R ) 0.6
initial wave vector: k0 ) 7.5
position of analysis line: R∞ ) 28.5
number of Chebyshev iterations: 120 000

a All parameters are given in atomic units.
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so that the reactive flux operator F becomes

The incoming wave φERν
+ with ν ) V,j, is defined as

where hj
(2)(kERνRR) ∼ exp[(i(kERν - jπ/2] is a Ricatti-Hankel

function with kERν ) (2µ(E - ERν))1/2/p as the asymptotic
wavenumber and V ) pkERν/µ as the asymptotic velocity in
channel Rν. The initial reactant wavepacket �Rν is defined as

The Hamiltonian Ĥ has been represented using discrete
variable representations (DVRs) for the radial coordinates RR
and rR and a Legendre polynomial basis set is used to describe
the angular coordinate γR. Gauss-Legendre quadrature points
are employed as angular grid points. The Hamiltonian matrix
in the present representation is very sparse and therefore the
time evolution of the wave packet can be performed using the
split operator method24 with a partitioning of the evolution
operator as

A complex absorbing potential Vopt(RR, rR) have been
incorporated to absorb the wave packet over the last quarter of
the DVR grids in RR and rR. The relevant parameters used in
the flux wave packet (FWP) calculations are given in Table 2.

C. Approximations for J > 0. Reaction probabilities for J
> 0 have been calculated using the Centrifugal Sudden Ap-
proximation (CSA), which significantly reduces the amount of
computational effort25 with respect to the exact coupled-channel
(CC) calculations. The use of the CSA for a reaction mediated
by resonances may not be accurate enough. However, an
accurate CC calculation including the full Coriolis couplings is
unpractical in the present case. The calculation of the integral
cross sections as a function of collision energy for each ro-
vibrational state V, j of the reagent molecule requires summing
up all the partial wave contributions of the total angular
momentum J to the reaction probabilities

where k ) (2 µEc)1/2/p and PV,j
J (Ec) is the reaction probability

from the initial rovibrational state V,j summed over all final states
as a function of collision energy, Ec, at a total angular
momentum J.

The V,j initial state-selected rate constant is calculated by
averaging of the corresponding integral cross section σV,j(Ec)
over the translational energy as

where kB is the Boltzmann constant and µ is the reduced mass
of the LiH2

+ system.
In the standard J-shifting method,26 initial V, j state-specific

total reaction probabilities for J > 0 are calculated using

where PV,j
J ) 0 is the initial V, j quantum state-resolved reaction

probability for J ) 0 as a function of collision energy Ec, and
PV,j

J (Ec) is the estimated reaction probability for higher values
of J at energy Ec - Eshift

J , where

where R0 is the Li-HH+ distance at the transition state.
A more refined J-shifting approach has been applied in the

present work consisting in using the specific reaction prob-
abilities calculated within the CSA approximation at selected
values of J ) 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90. Then,
we calculate specific rotational constants, Bi

J, to estimate the
reaction probabilities in the intervals J ∈ [0, 10], J ∈ [10, 20],
J ∈ [20, 30], and so on, up to J ) 90. Thus to estimate the
reaction probabilities in J ∈ [Ji, Ji+1]

where Bi
J is evaluated using the reaction probabilities at J ) Ji

and J ) Ji+1 by equating:

Substituting eq 19 in eq 15 and using eq 16, the rate constants
can be directly evaluated within this approximation, assuming
that a single value of Bi

J is capable of matching the reaction
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(15)

TABLE 2: Parameters Used in the FWP Calculationsa

scattering coordinate range: Rmin ) 0.0; Rmax ) 30.0
number of grid points in R: 243
diatomic coordinate range: rmin ) 0.0; rmax ) 30.0
number of grid points in r: 243
number of angular basis functions: 200
center of initial wave packet: R0 ) 23.0
gaussian width factor: δ ) 0.17
average wave vector of initial wave packet: k0 ) 9.0
truncation parameter for DVR grid: Vmax ) 0.06
location of flux dividing surface: r0 ) 23.0
time step for propagation: ∆t ) 2.0 (0.05 fs)
propagation time: 60 000 (3 ps)

a All parameters are given in atomic units.
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probabilities at Ji and Ji+1. A similar approximation was
originally proposed by Mielke et al.27 and termed separable
rotation approximation (SRA) (later denoted uniform J-shifting
approach by Zhang and Zhang28). The specific rate constants
are given by

where

and

Notice that the Bi values so calculated depend on the
temperature and represent an average value of the Bi

J constants
evaluated using eq 20.

The method requires to calculate at least the total reaction
probabilities for three values of J and can be easily generalized
to cases with more than three values of J. This method is more
accurate than the standard J-shifting procedure.26

D. Quasiclassical Trajectory Calculations. The quasiclas-
sical trajectory method used for the calculations presented in
this work has been described in detail previously (see, for
instance, ref 29 and references therein) and therefore only those
details relevant to the present work are given here.

Reaction probabilities as a function of collision energy for
the Li + H2

+(V ) 0, j ) 0) reaction have been calculated by
running a batch of 2 ·10 5 trajectories at randomly and uniformly
sampled collision energies within the range 0.05-1.0 eV for
zero impact parameter b ) 0 (equivalent to J ) 0). The
calculation of total and vibrationally state-resolved reaction
probabilities for J ) 0 from the trajectory results has been
performed by the method of moments expansion in Legendre
polynomials and employing a Gaussian-weighted binning
(GWB) procedure using 0.2 full-width-half-maximum.30,31

Total reaction probabilities as a function of collision energy
for different values of the total angular momentum J ) 0, 10,
20, 30, 40, 50, and 60 for the title reaction have been calculated
by running batches of 2 × 105 trajectories for each value of J
in the collision energy range 0.05-1.0 eV, as described in ref
29, using the expression

where b is the impact parameter of the trajectories, L is the
orbital angular momentum quantum number (L ) J when j )
0) and µ and Vr are the Li-H2

+ reduced mass and relative
velocity, respectively. The method of moments expansion in
Legendre polynomials has been employed to obtain the PJ(Ec)
from the trajectory results.

Excitation functions for the title reaction for j ) 0 of the
H2

+ molecule have been calculated by running batches of 3 ×
105 trajectories at randomly and uniformly sampled collision
energies within the range 0.05-1.0 eV. The maximum impact
parameter, bmax, for the title reaction increases with collision
energy. Thus the impact parameter for each trajectory at a given
collision energy Ec was chosen by randomly sampling between
zero and a maximum value of bmax(Ec) given by the expression

where the parameters D and ED were obtained previously by
fitting the values of the maximum impact parameters found by
running small batches of trajectories at several selected Ec to
the functionality of eq 26. Over the range of Ec investigated,
bmax was found to grow with Ec. The parameters used ensure
that no reaction occurs at a given Ec for values of the impact
parameter larger than bmax(Ec). With this kind of energy
dependent sampling of the maximum impact parameter, each
trajectory is weighted by wi ) bmax

2/D2. The j-specific excitation
functions, σ(Ec), were subsequently calculated by selecting the
set of trajectories with a given j and using the method of
moments expansion in Legendre polynomials.

In all cases, trajectories were started at a distance between
the incoming atom, Li, and the center-of-mass of the H2

+

molecule of 20 Å and a time step of 0.05 fs was used for the
integration of the equations of motion. Under these conditions
total energy was conserved to better than 1 part in 104.

The QCT state-specific rate constants were calculated using
eq 16 from the corresponding QCT initial j-dependent excitation
functions.

III. Results and Discussion

A. Reaction Probabilities. Figure 2 compares the total
reaction probabilities as a function of collision energy for J )
0, PJ)0(Ec), calculated for the Li + H2

+ (V ) 0, j ) 0) reaction
using the RWP, FWP and QCT methods from threshold up to
1 eV collision energy. The wave packet probabilities show a
threshold energy value of ≈0.217 eV, which corresponds to
the endothermiticy of the reaction on the PES when the zero
point energies of reagents and products are considered. After
threshold, the wave packet probabilities increase monotonically
up to an average value of 0.8 at collision energies around 1 eV.
This behavior is typical of endothermic reactions or reactions
with an entrance barrier. A large number of very narrow peaks
are observed in the RWP and FWP PJ)0(Ec) over the whole
range of collision energies. The amplitude of the structures
decreases with increasing collision energy. The presence of

kSRA(T;V, j) ) � 2πp4

(µkBT)3
QJ)0(T) ∑

J

2min(J, j) + 1
2j + 1

×

(2J + 1)e-Bi(T)J(J+1)/kBT (21)

QJ)0(T) ) ∫PJ)0(Ec)e
-Ec/kBT dEc (22)

Bi(T) )
kBT

Ji+1(Ji+1 + 1) - Ji(Ji + 1)
ln( QJi

QJi+1) (23)

QJ(T) ) ∫PJ(Ec)e
-Ec/kBT dEc (24)

b ) p
µVr

[L(L + 1)]1/2 (25)

Figure 2. Total reaction probabilities as a function of collision energy
at J ) 0 for the Li + H2

+ (V ) 0, j ) 0) reaction. Solid line: FWP.
Dashed line: RWP. Dashed-dot line: QCT.

bmax(Ec) ) D(1 - ED/Ec)
1/2 (26)
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resonance structures in the PJ)0(Ec) can be expected from the
existence of deep wells in the reactant and product valleys that
support tiers of quasi-bound states above the dissociation limit
of the LiH2

+ molecular ion and thus, this reaction can be
considered as a complex-forming process. The behavior and
magnitude of the present total reaction probabilities are very
different from those obtained by Gogtas14 using the same RWP
method on the same PES. The discrepancies found can be
attributed to a possible lack of convergence in Gogtas’ calcula-
tions (notice the parameters listed in Table 1 of ref 14 in
comparison with those used in the present work shown in Table
2). In principle, the two sets of wave packet calculations
presented here (RWP in product Jacobi coordinates and FWP
in reactant Jacobi coordinates) should yield essentially the same
results if full convergence has been reached. However, the title
reaction shows a very dense structure of sharp resonances and,
thus, it is difficult to obtain a perfect agreement between the
two methods.

The corresponding QCT total reaction probabilities reproduce
the overall shape of the wave packet probabilities. However,
the QCT calculation predicts an energy threshold somewhat
lower as compared with that obtained from the wave packet
methods, even though the Gaussian binning procedure is used.
This discrepancy found in the QCT PJ)0(Ec) can be attributed
to the finite width of the GB procedure that allows trajectories
with a vibrational energy below the LiH ZPE to contribute to
reactivity.

Figure 3 portrays the RWP and FWP total reaction prob-
abilities for J ) 0 as a function of collision energy for different
initial rotational quantum numbers (j ) 0-3) of the H2

+ (V )
0) reagent. The shape of all reaction probabilities is very similar
although the threshold for reaction shifts toward lower energies
as the initial rotational quantum state increases, as expected for
and endothermic reaction. The agreement between the RWP
and FWP calculations is very good.

The centrifugal sudden approximation (CSA) has been applied
to calculate wave packet reaction probabilities for total angular
momentum J > 0. Figure 4 shows the collision energy
dependence of the total reaction probability calculated for some
selected values of J > 0 using the CSA approximation and the
FWP method. Very similar results have been obtained using
the RWP method (not shown for clarity). In addition, the
corresponding QCT results are also displayed for comparison.
As J increases, the growth of the centrifugal barrier to reaction

give rise to increasing thresholds in the FWP-CSA reaction
probabilities. The agreement between FWP-CSA and QCT is
generally good. However, for low J values, the threshold energy
from the QCT calculations is somehow smaller than that
obtained in the FWP-CSA, whereas for large values of J the
QCT reaction probabilities clearly underestimate the reactivity
in comparison with the FWP-CSA results.

B. Integral Cross Sections and Rate Coefficients. Integral
cross sections for the Li+H2

+(V ) 0, j ) 0) reaction have been
calculated from the FWP-CSA reaction probabilities using the
refined J-shifting procedure described in the Method Section
in the collision energy range from threshold up to 1 eV, and
are shown in Figure 5. Similar results have been obtained using
the RWP-CSA calculations (not shown). The corresponding
excitation function, σ(Ec), obtained by means of the QCT
approach using the Gaussian binning procedure is also depicted
in Figure 5.

The general shape of both FWP-CSA and QCT σ(Ec) is
similar, but some interesting discrepancies are found. First, the
energy threshold predicted in the QCT calculations is slightly
smaller than that derived from the FWP-CSA approach, as it
was already noted from the comparison of the total reaction
probabilities for J ) 0. Second, above the threshold energy the
QCT excitation function is consistently lower than that obtained
by means of the FWP-CSA methodology, indicating that the
contribution from resonances and tunnelling is of relative
importance in the range of collision energies considered. The
monotonic increase of the integral cross section with collision
energy found for the title reaction is similar to that found in
other endothermic reactions such as N+ + H2 (V ) 0, j ) 0,1)23

and H + O2 (V ) 0 - 2, j ) 0,1).32

The calculated specific rate coefficients for the Li + H2
+ (V

) 0, j ) 0) reaction derived from Bolztmann averaging of the
above FWP-CSA and QCT excitation functions in the temper-
ature range 200-1000 K are displayed in Figure 6. In addition,
the rate coefficients obtained by using the SRA from the FWP-
CSA calculations are also depicted. The agreement between the
FWP-CSA-RefJS and FWP-CSA-SRA rate coefficients is good
in the whole temperature range considered and vary from 10-15

up to 10-11 cm3 s-1. The corresponding QCT rate coefficients
are smaller by a factor of ≈1.5-2. The temperature dependence
of the calculated rate coefficients follow a basic Arrhenius
behavior. A linear fit of ln(k(T)) vs 1/T yields an activation
energy of 0.22 eV for the FWP-CSA-RefJS and FWP-CSA-

Figure 3. Total reaction probabilities as a function of collision energy at J ) 0 for the Li + H2
+ (V ) 0, j ) 0-3) reactions. Solid lines: FWP.

Dasehd lines: RWP.
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SRA rate coefficients, and 0.202 eV for the QCT rate coef-
ficients. The activation energies are in good agreement with the
endothermiticy of the PES of 0.217 eV. The pre-exponential
factors are 4.4 × 10-10 and 6.3 × 10-10 cm3 s-1 for the FWP-
CSA-RefJS and FWP-CSA-SRA calculations, respectively, and
3.4 × 10-10 cm3 s-1 for the QCT calculation.

Although the present rate coefficients have been calculated
only for the reaction with initial V ) 0, j ) 0 state of the
H2

+ reagent, it is expected that the rate coefficients presented
in Figure 6 represent a good approximation to the thermal
rate coefficients for the title reaction, given the small effect
of rotational excitation on reactivity (see Figure 3). The only
comparison that can be established between the present rate
coefficients and those available in the literature for the title
reaction is with the QCT calculations carried out by Pino et
al. on the same PES.15 From their QCT calculations, these

authors suggested the following fit for the thermal rate
coefficients in the temperature range 600-4000 K: k/10-9

cm3 s-1 ) 7.2 × 10-5(T/K)1.18e-1469.8/(T/K). The present wave
packet and QCT rate coefficients are in good agreement with
the thermal rate coefficients reported by Pino et al. in the
600-1000 K temperature range.

IV. Conclusions

In this work, we have applied the RWP, FWP and QCT
methods to study the reactivity of the Li + H2

+ system on the
PES developed by Martinazzo et al.13 It has been shown that
the agreement between RWP, FWP, and QCT total reaction
probabilities for J ) 0 is fairly good. The main discrepancies
found between the wave packet and quasiclassical trajectory
results are due to the dense resonance structure observed in the
wave packet calculations that reflects the influence of the deep

Figure 4. Total reaction probabilities as a function of collision energy for the Li + H2
+ (V ) 0, j ) 0) reaction for selected values of J calculated

using the FWP-CSA and QCT methods. Solid line: FWP-CSA. Dashed-dot line: QCT.

Figure 5. Integral cross-section as a function of collision energy for
the Li + H2

+ (V ) 0, j ) 0) reaction. Solid line: FWP-CSA. Dashed-
dot line: QCT.

Figure 6. Rate coefficients for the Li + H2
+ (V ) 0, j ) 0) reaction

in the 200-1000 K temperature range. Solid line: FWP-CSA-RefJS.
Dashed line: FWP-CSA-SRA. Dashed-dot line: QCT.
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wells in the PES on the dynamics of the reaction. Besides,
further discrepancies are observed at collision energies near
threshold, where the lack of zero-point energy conservation in
the QCT calculation is noticeable. A small effect of reagent
rotation on reaction probabilities calculated by the RWP and
FWP methods has been observed.

Integral cross sections as a function of collision energy
(excitation function) for the title reaction have been calculated
using the FWP method within the centrifugal sudden ap-
proximation (CSA) to calculate reaction probabilities for total
angular momentum J > 0 and a refined J-shifting model and by
means of QCT calculations. FWP-CSA and QCT excitation
functions show the same behavior; that is, they are increasing
functions with collision energy, typical of endothermic reactions
occurring through a deep well. The calculated FWP-CSA-RefJS,
FWP-CSA-SRA, and QCT rate coefficients are in good agree-
ment and show a temperature dependent behavior which is
consistent with a simple Arrhenius model.
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