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Using a Chebyshev wave packet method, the initial state-specified @, j; = 0) integral cross section and

rate constant are obtained for the title reaction on the latest version of the ab initio potential energy surface.

All partial wave contributions up tal = 47 are calculated explicitly within the coupled states (CS)
approximation. The resulting integral reaction cross section in the collision-energy range 0f)dY displays
an oscillatory structure due to numerous long-lived resonances supported by the deeglCHhe rate

constant up to 800 K is nearly temperature-independent except for an initial rise below 100 K. The calculated
rate constant at room temperature is in reasonably good agreement with the latest experimental measurement.
In addition, exact calculations including the Coriolis coupling have been carried out for three selected patrtial
waves,J = 2, 4, and 10. In these Coriolis-coupled calculations, a more accurate and efficient scheme is
proposed that allows for a significant reduction of the grid size as well as the spectral range. Comparison
with the corresponding CS results indicates that the neglect of the Coriolis coupling leads to the underestimation

of the cross section and the rate constant.

I. Introduction which the atomic carbon attacks the hydrogen molecule in the

Reactions between atomic carbon and molecular hydrogenPerpendicular approach. It is well established that for this
play an important role in both combustfcand astrochemistri/3 reaction there is no barrier for the insertion pathway?2 which
Significant experimental effort has been devoted in the past to leads to the formation of a metastable Stémplex supported
the understanding of both kineti® and dynamic aspeés'® by a deep potential well. As a result, the reaction dynamics is
of these reactions. Depending on the electronic character of thesubjected to the possibly strong influence of long-lived reso-
carbon atom, the reaction proceeds on different electronic nance states. In many aspects, this reaction is similar to the
manifolds!” In this work, we concentrate on the reaction more extensively studied @3) + H, systen?*3° where the

dynamics involving the singlet of carbon, namely D), Its insertion mechanism also predominates at low energies. How-
reaction with H(X'X4") produces CH(XII) and HES) and ever, the CD) + H, reaction is considerééito be a “clean”
involves at least the first two singlet'@y and BB;) states of insertion reaction because of its near thermoneutrality and

CH,. We note in passing that the reaction betweefPLand because of a relatively large barrier in the collinear abstraction
Hx(X'=g") via the triplet manifold has been investigated channef!23

i _ 20 . .
theoretically by Schatz and co-workefs Stimulated by a recent crossed molecular beam experithent,

In addition to tltst pra(;tlcalt |r;1p_ortetrr1]ce_, the tF'tIe reacr?on_ also_ Launay and co-workers have developed a global potential energy
SErves as a prolotype€ for studying the insertion mechanism, g, 5 ce (PES) for the lowest-lying singlétlAg) state of the
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configuration interaction (MRSD-CI) poin#8.Unlike earlier over the temperature range ®f= 0—800 K was calculated
near-equilibrium PESs of CiB!A1),*41this new PES is global ~ with both the CS and estimated exact cross sections and
and thus suitable for studying the reaction dynamics of the titte compared with the latest experimental measurement. This paper
system. It predicts no barrier for the insertion pathway leading is organized as follows. In the next section (section Il), the
to the CH well of ~4.3 eV. In the collinear approach, however, relevant theoretical methods and their numerical implementation
a barrier of 0.54 eV essentially blocks the abstraction pathway are outlined. In section Ill, the calculated results are presented
at low energies. The only potential shortcoming of this PES is and discussed. Finally in section IV, conclusions are made.
the neglect of the Rennefeller interactio? with the BB Atomic units are used throughout this paper unless otherwise
state and other non-BorrOppenheimer interactions that are stated.

known to affect the spectroscopy of @45 Very recently,

these ab initio points were refftusing the reproducing kernel  Il. Theory
Hilbert space approact.The new fit removed some spurious Following our earlier] = 0 work#° we use the reactant (C
features and rendered the PES smoother. + Hy) Jacobi coordinatesR( r, y) in our calculations. Such a

The availability of globally accurate ab initio PESs has coordinate system allows for the adaptation of the exchange
stimulated recent theoretical interest in the reaction dynamics. symmetry between the two hydrogen atoms, resulting in
Launay and co-workers have, for example, carried out time- reduction of the grid/basis size. The Hamiltonian is expressed
independent quantum studies of the title reaction using the as
original fit of the PES348 In particular, the total reaction
probability and product internal state distributions for thé3g( 5 5 - -

+ Ha(vi = 0, i = 0) reaction § = 0) were reported for collision ~ p_ 1 9 1 9 , J° | FVR T y) Q)
energies up to 0.5 eV. The energy dependence of the reaction 2ug gR? 22U, yr? 2,urr2 ZﬂRRZ Y
probability showed no threshold and a rich resonance structure,

lending strong support to the insertion mechanism. Quantum wherer andR are respectively the diatomic (H) and atom-
integral and differential cross sections were later calculated at diatom (G-H.) distances with:, andug as the corresponding
a single energy poirf More recently, w& have carried out  reduced masse¥/(R, , y) is the PES] denotes the diatomic
dynamic and bound-state calculations on the new fit of the*PES  (otational angular momentum operator, An@notes the orbital
using a quantum wave packet method. Both reactive and angular momentum operatdf.can be further expressed as
inelastic probabilities fod = 0 were obtained. Consistent with
the time-independent quantum reséftthese probabilities were P=0-1?=¥+7"-215,-3.7_ -3, @
found to be strongly affected by long-lived resonances. From
the evolution of the time-dependent wave packet, we also jn whichJ andj are respectively the total and diatomic angular
demonstrated unequivocally that the reaction is insertion- momentum operators Witﬁz and Iz as their projec[ions onto
dominated. In addition to the quantum work, quasi-classical the body-fixed (BF)z axis. J+(J_) andj.(j_) are the corre-
trajectory calculations have been performed by Banares et a|-sponding raising (lowering) operators. In the CS approxima-
on both fits of the PE$%48The results agree qualitatively with  tion 5253the last two terms in eq 2 will be ignored.
the averaged quantum mechanical reaction probabilities but lack The Chebyshev approach propagates a wave packet using the
the fine structure. Reasonably good agreement was also founcdthree-term recursion relationship for the Chebyshev poly-
in cross sections and internal state distributions of the products.nomials®4-63 For scattering problems, the recursion relation is
Very recently, Manolopoulos and co-workers have analyzed the modified by a damping termD)) to enforce the outgoing
title reaction using a statistical coupled-channel model, and boundary conditiort?-58
excellent agreement has been obtained with the quantum R
differential cross sectio®f. Y10 DCH ol - Dl .00 k>1  (3)

As an extension of our recent wotkye in this paper report N
guantum wave packet calculations of the integral cross sectionWhere|y10= DHnoml10l] The initial wave packet is chosen as
and rate constant for the title reaction on the same ©PH&e the product of a well-defined rovibrational eigenfunctignll
wave packet approach is well suited for computing reaction rates@nd & 1D Gaussian-shaped wave packet along the translational
because a single propagation yields the reaction probability atcoordinate. In particular, the following form is us&d:
all energies without necessarily the S-matrix eleméhts (R RYJ202
contrast, the traditional time-independent methods will have to o= Ne™ @~ R cosR) g 0 (4)
repeat the calculation at every energy point. The former is
particularly advantageous for reactions that are affected by long-whereko, R, andd are its central momentum, central position,
lived resonances, such as the title reaction, in which a fine and width, respectively, anl is the normalization constant.
energy grid is needed. As before, we use in this work the The damping functio is given as a Gaussian-shaped function
Chebyshev propagator, which bears many similarities to the time Placed at the edge of tHe (andr) grid:
propagator. It is accurate and efficient because no approximation
of the propagator is needed and because the propagation can _J1 for R = Ry

. : . ; . DR =91 _ n_ny (5)

be carried out in real space. To obtain the integral cross section, g ®RR-R)*  forR> Ry
all partial wave contributions spanning frain= 0 to 47 were
calculated explicitly within the coupled states (CS) approxima- whereRy is the onset of the damping add controls the extent
tion. In addition, exact calculations including the Coriolis of damping. We note in passing that the propagation in eq 3
coupling were carried out for three selecte@= 2, 4, and 10) can be carried out entirely with real algebra, which represents
values to check the accuracy of the CS approximation. The exactsignificant savings over the complex time propagation. The
calculations were made more efficient and accurate by using aabove approach is closely related to the “real wave packet”
number of novel schemes. Finally, the thermal rate constant method of Gray and Balint-Kurt
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In eq 3, the Hamiltonian is properly normalized to avoid
divergence in the Chebyshev propagatidiyorm = (H — HT)/
H~, whereH* = (Hmax &= Hmin)/2 With Hmax (Hmin) as the upper
(lower) spectral boung! This is necessary because of the

nonlinear albeit one-to-one mapping between the Chebyshev

angle @) and the total energ¥: cos 6 = (E — HY)/H™.
Interestingly, this nonlinear mapping allows more interpolation
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(w1, ji, ) reaction probabilities for variou

_ (Q+1DPPLE) (7)
(2j; + 1)Kap.eLminaj) §

Ulji

wherek’ = 2urEs, E is the collision energy, anB,’ o (Eo) is

points near both ends of the spectral range, which can bethe initial state £ji€2) -specified total reaction probapility for
advantageous for the convergence of low-energy spectra orthe partial wavel and parityp. A similar equation exists for

dynamics?>-66

Because only final-state-summed information about the
reaction is of interest in this work, we take advantage of a flux-
based approach that avoids the calculation of S-matrix ele-
ments®7:68 To this end, the initial state-specified total reaction
probability is calculated using the following flux-based formula
for the Chebyshev propagatidh®®

_ 1
2, a(E)HH )?sin’ 0

x Im &(2 - 5k0)e7ikewk
. d
X Z(Z — Opg)e ¥ alé(f - rf)gwk’]D

wherer = r; defines the dividing surface in the product channel.
In the above equationg(E) represents the amplitude of a
stationary state at enerdyin the initial wave packet, and its
value is given byP

a(E) = H\/%Rﬁfkm\woﬂ

wherehﬁf’(kiR) is the spherical Hankel function of the second
kind.”* Here, A is given byA(A + 1) = JJ + 1) +ji(ji + 1)
— 2Q2in the CS approximation anldin the Coriolis-coupled

P(E)

(6)

averaging in the SF frame. The initial state-specified rate
constant is then given by

k(D= ; )llzﬁ)w%ji(EaeEJ"BTEchc (®)

k.%T(JkasT

where kg is the Boltzmann constant arfdis the electronic
degeneracy factor, which i for the title reactiord’

The major computational task in our approach is the matrix
vector multiplication (namelyHy) entailed by eq 3. In this
work, a mixed representation is employed to discretize the
Hamiltonian and wave packet. In the CS approximation, the
Coriolis coupling terms in eq 2 are ignored, rendering the
conservation ofJ, andj, Hence, their common eigenvalue,
denoted byQ2, is a good quantum number. Such an approxima-
tion greatly simplifies] > 0 calculations both in view of the
computational effort and numerical implementation and provides
reasonably accurate results for many reactions. To that end, the
only additional term in the Hamiltonian fdr> 0 is in the form
of a centrifugal potential:

A~

P o d9 1) — 2Q°

2ugR

As a result, the numerical implementation is essentially the same
as that ofJ = 0. As in our previous work? a direct product
discrete variable representation (DVRJ)s used for the three
internal degrees of freedoni(r, v). The overall rotation is
represented by the Wigner rotation matfixDy,,,) with the

9)

scheme. The use of Hankel functions allows the placement of adaptation of parity):

the initial wave packet at a sufficiently sm&las long as the
interaction potential is zero, without concerning the long-range
centrifugal terms. (See eq 9 below.)

In the exact calculations, the off-diagonal Coriolis coupling
terms decay slowly witfR and couple wave packets in different
helicity (R2) channels even at very largewhere the interaction

potential has long vanished. It is thus advantageous to define

the initial wave packet in the space-fixed (SF) frame in which
the orbital angular momentum operator is diagdh& For exact
calculations, therefore, we employ, ()-specified initial wave
packets rather than;( Q)-specified ones as used in the CS

IIMQpLE= (2 + 206 o) "A(IIMQIH p(—1)"°1IM — QD)
(10)

where

2J+1
87t2

IIMQ= D

In the CS approximation, the angular kinetic energy operators
(KEOs) are diagonal with respectdpQ, andM, which appear

calculations. The SF wave packets are then expanded in term®nly as parameters. Without the loss of generality= 0 is

of the BF basis. Such a choice leadsjtpl}-specified reaction
probabilities. The same equation f&a(E) can be used with the
substitution ofA by |. By averaging this probability over all
possiblel values ([ = |J — jil, ..., J + ji), one can obtain the
j-specified reaction probabilities, which can then be compared

taken. In this case, the Wigner rotation matrix is reduced to an
associate Legendre function.

In the Coriolis-coupled treatment, howev&is no longer a
good quantum number. The coupling between differ€nt
channels represents an additional degree of freedom at nonzero

with the corresponding CS results. Our approach is thus differentJS @nd results in increased computational effort that is propor-

from that of Goldfield, Gray, and Meije® 74 who prepared
multiple initial wave packets with differerf® values followed
by averaging. Our approach allows the initial wave packet to
be placed in relatively smaR by using the spherical Hankel
functions, as discussed above.

The initial state-specified cross section can be obtained in
the CS approximation by assembling the initial state-specified

tional to J. As in the CS model, the two radial degrees of
freedom R, r) are discretized in a direct product DVR. However,

a finite basis representation (FBR) is used for the angular
degrees of freedom. In particular, the wave packet is expanded
in the mixed DVR/FBR representation,

WP = yibajalono,Mi; Jp0 (12)



2144 J. Phys. Chem. A, Vol. 108, No. 12, 2004 Lin and Guo

where oz and a, denote the grid indices along the andr were included. Both the potential and the angular KE@®re
coordinates, respectively. The angular FBR in the above truncated at 0.5 hartree to minimize the spectral range.
equation is defined as follows: The initial wave packet was launchedRit= 8.0ay with ¢

= 0.3, and the initial momentum was chosen to give an
[j€2; Ipl= (2 + 269’0)71’2(|JQ|]jQD+ averaged collision energy of 0.15 eV. As noted in the previous

AN . section, j, )-specified initial wave packets were used in CS
p(=1)1J — Qi — b (12) calculations, andji 1)-specified ones were used in Coriolis-

where|jQ0= ©jq(y, 0) are normalized associated Legendre coupled calculations. Because of the requiremeny;farQ >

functions with the CondonShortley phase conventidhand 0, Q is restricted to be zero in the CS calculations because of
Q is restricted to nonnegative values. In this basis, all KEOs Ji = 0. However, in the exact calculation® is a variable

are diagonal except for the Coriolis coupling term, which is spanning fromt2 = 0 to J, and bgcausﬁ is 0,1 has only one
tri-diagonal. In particular, value ( = J). The onset of damping was placedrat= 11.0ay

andrq = 8.0ap with the damping coefficientdg = 0.000%,*
1A 2 O e andd; = 0.004, 1, respectively. The flux was calculatedrat
W IpII7li€2; =10 + 1005000 (132) = 6.93. The number of Chebyshev propagation steps that was

Jo; Jp“Az“-Q; Jp= found to be sufficient to converge the re_actiorj probabilities up
» 5 to 0.5 eV was 50 000. When comparing with the4OH;
NE+1)+j( + 1) — 2Q76; 0g o — system?5:27.283%e found that our calculations require a much
[(L+ 00 )L+ 00,0 Y4250 400 04 + larger number of propagation steps to resolve the resonance
o ' ] ' structure, although the size of our grid is somewhat smaller.
Aihial0g o1 T P(—1) 69’,7Q+1]}6j’,j (13b) A. Accuracy of CS Approximation. The CS approximation

has been widely used to study reaction dynamics. In many cases,

where /ljim = \/j(j + 1) — m(m=+ 1). BecauseQ and Q' are it has been shown to be quite accurate. For instance, Carroll
restricted to nonnegative values, the term associated with parityand Goldfield studied the reaction probability of the') +

in eq 13b survives only fof2 = 0, 1. H, reaction and concluded that the errors introduced by the CS

The use of FBR simplifies the rotational KEOs but compli- approximation are smaif However, there is also ample
cates the calculation of the action of the potential energy evidence that the Coriolis coupling can be quite significant in
operator. However, the latter can be performed efficiently using some other systems. Indeed, Meijer and Goldfield have found

the following pseudo-spectral transformatits® that the neglect of Coriolis coupling results in significant errors
in the H + O, reaction probabilitie§? Because the results
'I*j[?) = VY W;Oiq(7p) (14) presented below are mainly from the CS calculations, it is

important to assess the accuracy of the CS approximation for

wheref denotes the index of the Gaudsegendre quadrature  the C{D) + H reaction.
points for the internal angular coordinate amg is the To this end, we have performed exact Coriolis-coupled
corresponding weight. calculations forJ = 2, 4, and 10. The results are compared

Because of the insertion nature of the title reaction, the wave with the CS model in Figure 1. In the left panels, the comparison
packet can easily access regions riear 0. Even without the between the exact and CS reaction probabilities indicates that
explicit inclusion of the singularity, population near it can result they are in qualitatively good agreement: both show rich
in a very large spectral range. To alleviate this problem, we resonance structures with comparable backgrounds and thresh-
use a scheme to restrict the spectral range of the rotational KEO®lds. However, quantitative differences, such as peak positions,
at smallR. In particular, the BF-FBRQ; JpLis first transformed do exist. Overall, the exact probabilities appear to be larger,

to the SF-FBRJjl; Jplusing the following equatioft.72 particularly at largeJs. To estimate the error in the CS
approximation in the more averaged rate constant, the following
[jQ; Jpl= guantity is compared in the right panels of Figure 1,
i— il J),. -
Z(—ﬂ '+Q\/ (2= 0002 + 1)(’Q 0 _Q)IH; JptI(15) P(T) = [ PAE)e 'eTdE, (16)

. . whereP(E,) is the reaction probability of théth partial wave
where (:::) denotes the3symbol. Because the rotational KEOS  »q gefined in eq 6, which is obtainable from both the exact and

are diagonal in the S,F'FBR' the_spectral range can be e,as'lyCS calculations. Similarlyp(T) represents théth partial wave
controlled by truncating the rotational energy. After applying onuipution to the rate constant. As shown in the figure, the
the truncated rotational KEOs, the wave function is transformed v, yegyits are in reasonable agreement both in absolute
back to the original BF-FBR. The drawback of this method is o 4nityde and temperature dependence. Quantitatively, how-
that !t 1S shlghtly more expensive to compute the matnector ever, the CS model consistently underestimates, and the relative
multiplication. error is larger at largeds and lower temperatures. Fdr= 2,
for example, the CS results underestimate by 7.4 and 3.6% at
T =300 and 800 K, respectively. Fdr= 4, the error increases

As in our earlier work!® equidistant grids wittiNg = 188 to 16.9 and 12.3%, respectively. At the highesi(= 10)
andN, = 79 points were used for the two radial coordinates in calculated, the error are 26.4 and 24.0%, respectively. These
the ranges oR € [0,16.0fp andr € [0.5,12.0h, respectively. results suggest that the CS approximation should provide a
The fast sine Fourier transform was used to calculate the actionreasonable rate constant. However, quantitative errors can be

I1l. Results and Discussion

of the radial KEOs on the propagating wave pacRdfor the quite significant. This issue will be revisited below when the
Jacobi angle, 25 Gaustegendre quadrature points were taken integral cross section and rate constant are presented.
betweeny = 7/, ands, which corresponds tpnax = 48. Only B. Reaction Probabilities. The energy dependence of the

para-H, was considered in this work, and thus only eystates total reaction probability obtained from the CS approximation
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Figure 1. Comparison of initial stater( = 0, j; = 0)-specified reaction probabilitie®{E)) and contributions to the thermal rate constd&¥(T))
between the CS (- - -) and exaet) models.

1.0 = be discussed in a future publication. Comparing with th&)(
B + H, reaction?>3%we found that average reaction probabilities
0.5 are significantly smaller at all values. This can be attributed

to the much smaller exothermicity in the title reaction, which
results in substantial nonreactive (elastic and inelastic) scattering.
The situation here is somewhat similar to the endothermiE)C(
+ H, reaction®®

For low Js, the reaction probability at very low kinetic energy

1.0}

0.5

1.0 - cannot be accurately determined because of the damping of the
propagating wave packet on a finite grid. Sometimes the reaction
o 0s probability can exceed unity, a clearly unphysical outcome.
o However, such a deficiency does not affect the cross section
10 =30 and rate constant in a significant way.
05 Another clear trend observable in Figure 2 is that the reaction
' threshold shifts to higher energy asncreases. This is due to
10 JJ the increase in thel-dependent centrifugal barrier for this
’ J=40 intrinsically barrierless reaction. This shift of the reaction
05 threshold with] can be approximately described bghifting®?
’ or capture model®84The classical capture model is based on
0g A 11 the premise that all trajectories react if they manage to overcome
0 0.1 0.2 03 0.4 05 the centrifugal barrier along the reaction path. A more sophis-
Collision energy (eV) ticated quantum version proposed by Gray et al. uses the height

Figure 2. Initial state ¢ = 0, j; = 0) -specified CS reaction probabilities ~ Of the centrifugal barrier at = J — Ji to shift the reaction
at differentJ values. The reaction thresholds calculated from the probability3° Indeed, such an approach has worked quite well
classical centrifugal barrier heights are indicated by vertical dashed for the insertion-dominated GIQ) + H, reaction.
lines. In Figure 3, the effective potential barrier height aldRdgs
given for different total angular momentum quantum numbers
is displayed in Figure 2 for a number of total angular momentum (J), which in our case is equal fdbecausg; = 0. The barrier
guantum numbersJ). Several observations are immediate. First, is defined as the highest point on the 1D effective potential in
the probability forJ = 0 has no threshold. As discussed in earlier the R coordinate with optimization inr( y) space. It can be
work,234%this is consistent with the barrierless insertion pathway readily seen that there are two regionslafependence. At low
that dominates the reaction. Second, all of the probabilities show J, the barrier is located somewhereRe [6, 10]Ja,. AboveJ
oscillatory structures superimposed on broad backgrounds. The= 25, another barrier at a smallBr(~ 3 A) takes over. The
oscillation is particularly strong near the corresponding reaction inner barrier originates from a shoulder in the entrance channel
threshold but becomes less pronounced at higher energiespotential, and its smaller €H; distance results in a sharpér
presumably because of shorter resonance lifetimes. The sharglependence. The barrier height can be used to predict the
peaks can be attributed to long-lived resonances in thev, classical reaction threshold at the correspondings shown
as discussed in the previodis= 0 work 234°QObviously, a better in Figure 2 with vertical dashed lines, the predicted thresholds
understanding of these resonances is of great interest and willare reasonably accurate. An anomaly is some sharp peaks below
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Figure 3. Dependence of the classical centrifugal barrier height.on 0.0 0.1 0.2 0.3 0.4 0.5
Collision energy (eV)
50 Figure 5. Initial state ¢; = 0, ji = 0) -specified integral cross sections
—0—0.08 eV from the CS (- - -) and exact) reaction probabilities estimated from
—e—0.498 eV a capture model.
40
s oscillatory structure, the classical cross section also shows an
W o3 initial drop at low collision energies and a slower decay at higher
e energies. Quantitatively, however, it is generally larger than the
¥ R CS cross section over the energy range studied in this work
a 2 except for very low energies. A = 0.08 eV, for example,
= ] the quantum CS cross section is 13%vhich can be compared
10 with the classical value of 22.52%A The CS value is also
Ul significantly smaller than the only available exact quantum cross
! o\ section of 30.5 A at the same collision energy, obtained using
0 S .
40 a time-independent methd# Of course, the comparison at a
J single energy point can be a little misleading because of the
Figure 4. Weighted CS partial wave contributions to the integral cross ©SCillatory quantum cross section. However, even the averaged
section atE. = 0.08 (©) and 0.498 eV @). CS cross section near 0.08 eV (15.3 £ still much less than

the classical or the exact quantum value. At higher collision

the classical threshold at largeThese isolated peaks are likely ~energies, 0.5 eV for example, the CS cross section (3)7sA
to be the results of long-lived resonances. Their contributions also smaller than the classical onel(l A?).46
to reactivity are presumably facilitated by tunneling and/or  We attribute the above discrepancies to the neglect of Coriolis
smaller zero-point energy near the classical barrier. coupling in the CS model. As shown in Figure 1, reaction

C. Integral Cross Section.The integral reaction cross section probabilities in the CS model systematically underestimate,
is a sum of weighted reaction probabilities over many partial particularly at largel. If this trend persists at largds, it is not
waves, according to eq 7. At a given energy, the partial wave difficult to understand the underestimation of the cross section
contribution usually increases withinitially because of the by the CS model aE; = 0.08 eV because the partial waves
(23 + 1) degeneracy factor and subsequently decreaseslwith with J > 10 make significant contributions, as shown in Figure
because of the shift of the reaction threshold to higher energies.4. To resolve this issue unequivocally, exact calculations at
This is clearly shown in Figure 4 fd. = 0.08 and 0.498 eV higherJs need be carried out.
within the CS approximation. The oscillatory structures in the  To estimate the exact cross section and its energy dependence,
J-dependence of partial wave contributions are associated withwe adopted a capture model proposed by Gray and co-wa¥kers.
the resonances as discussed above. The figure also illustrate¥o this end, the reaction probability of a particular total angular
the fact that the higher the collision energy the more partial momentumJ is estimated from that of an explicitly calculated
waves are needed. Within the CS model, the inclusion of partial one atJ; (J > Jy):
wave contributions up td = 44 is sufficient to converge the
cross section below 0.5 eV. As a result, we have included all — plyE _ 1
the partial wave contributions up th= 47. PJ(E) P E Vg + Vﬂ) (17

The integral reaction cross section obtained within the CS ) ) ) )
approximation is displayed in Figure 5 (dashed line)Egup Wherevg deno_tes the classwgl centrlfuga}l_bamer he|g.htJor
to 0.5 eV. It shows that the cross section has no threshold, asas shown in Figure 3. If reaction probabilities for two different
can be expected from the zero barrier of the PES. The oscillatory@ngular momentum quantum numbetsgndJ,) are available,
structure notwithstanding, the cross section is very large nearthen a more reasonable estimate can be obtained faf ¢he
zero collision energy and decreases sharply with the increase< J < J2) values in between by interpolatidh:
in Ec. Above 0.1 3&\;' the cross section levels off and eventually 1.3
reaches about 57at E; = 0.5 eV. The energy dependence of _; . J2—
the cross section is very similar to that of the insertion-dominated P(E) = J, — leJl(E - Vf, + Vgl) +
O(*D) + H, reaction?>29.30 — 3

The quantum CS cross section can be compared with previous 1 pJZ(E — Vg + VB]Z) (18)
classical results using the same PE®espite the absence of =
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2.0x10™° The calculated rate constants can be compared with experi-
mental measurements at room temperature (300 K). The rates
-------------- cs from the CS and the estimated exact cross sections are 0.7
e Exact (estimated) 10%and 1.2x 10°1° cm® molecule® s™*, respectively. They
—.’; : are in reasonable agreement with the latest experimental value
o of (2.0 & 0.6) x 1071° cm® molecule®! s~1.° The agreement
3 with the experimental value should be viewed in the context
@ 1.0x10™ that the calculated rate constants are for a particular initial state
E (vi = 0, ji = 0). A thermal average over the initial rotational
e , states may modify the picture. In addition, errors in the PES
L oo b and the neglect of nonadiabatic couplings such as the Renner
=~ f Teller effect as well as errors in dynamic treatments represent
other factors that may affect the results.
1.0x10™ L . : :
0 200 400 600 800 IV. Conclusions
T (K)
Figure 6. Initial state ¢, = 0, ji = 0)-specified rate constants calculated Th_e_ ma!or objective of th'S_Work i to compute an initial state-
from the CS (- - -) and estimated exaet)(cross sections. specified integral cross section and rate constant for thB)C(

+ Hy reaction. To this end, we have explicitly calculated within
the CS approximation reaction probabilities ot&gr= 0.0—0.5

As discussed above, the rationale for the capture model is base®V for J up to 47, which allowed us to compute the reaction
on the observation that the reactivity of this barrierless reaction cross section in the same energy range and the thermal rate
is primarily determined by the centrifugal barrier in the entrance constant inT = 0—800 K. The calculated initial state-specific
channel. rate is shown to be nearly temperature-independent above 100

The resulting cross section is plotted in Figure 5 with a solid K. It agrees reasonably well with the measured experimental
line. It is quite clear from the figure that the estimated exact rate constant at room temperature.
cross section is larger than the CS cross section throughout the To assess the accuracy of the CS model in this system, we
energy range. AE; = 0.08 eV, for example, the estimated exact have performed exact calculations fdr= 2, 4, and 10.
cross section is 23.8 Awhich is in much better agreement Comparisons at these limitetlvalues indicate that Coriolis
with the previous quantum and classical values (30.5 and 22.5coupling is quite significant despite the qualitative validity of
A2, respectively). Similarly, aE. = 0.5 eV, our result (10.8 the CS model. In particular, the CS model consistently
A2 is in reasonably good agreement with the classical cross underestimates the exact cross section and rate. On the basis of
section (11 A?). Given the importance af > 10 partial waves a capture model, we have estimated the integral reaction cross
as shown in Figure 4, it is conceivable that better agreementsection and rate constant using the exact reaction probabilities
can be reached if the Coriolis-coupled calculations can be at limitedJ values. The results show a significant improvement
extended to largeds. However, such a numerically intensive in agreement with previous classical, exact quantum, and
task is beyond the scope of this work. experimental data. The errors introduced by the CS approxima-

Interestingly, the CS approximation has been shown to be tion are much more significant than those in thé@(+ H,
quite accurate in the @D) + H, reaction3® As extensively reaction, which are attributed to the dominance of the long-
discussed in the literatuf®?283°the O{D) + H, reaction has  lived resonances in the title system.
near-unity reactivity at small values because of its large The calculations reported in this work were carried out using
exothermicity. The success of the capture model in that systeman efficient Chebyshev wave packet propagation method. This
further indicates that the reactivity is controlled by a long-range system represents a challenge because of the large number of
centrifugal barrier in the reactant channel, where the CS long-lived resonances that strongly affect the reactivity in this
approximation is expected to work well, rather than long-lived system. Several novel implementations have been proposed and
resonances in the deep® well. In the C{D) + H, system, used to make the calculation more accurate and efficient. In
however, the insertion of atomic carbon into the hydrogen particular, an SF-based scheme is used in preparing the initial
molecule leads to significant inelastic scattering and only partial wave packet and in its propagation, which allows a smaller grid
reaction. In addition, both scattering processes are stronglyand better control of the spectral range in the Coriolis-coupled
affected by long-lived resonances. The CS approximation basedcalculations.
on R embedding is expected to perform poorly in the .CH
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