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A quantum mechanical approach to the treatment of atom—penta-atom abstraction process of the
type E+ FABCD—EF+ABCD is presented. The initial 12 degrees of freedom problem is simplified

to a reaction having only 7 active degrees of freedom, emulating a rotating—stretching FABCD
molecule. Its internal angles are frozen at their equilibrium values as the molecule collides with an
attacking E atom. This model is then applied to the study of theCH,—H,+CH; reaction,
predicting for the first time remarkable non-Arrhenius behavior. The dynamics was based on the
Jordan and Gilbert analytical potential energy surfdd&-PE$. The method employs the
infinite-order-sudden-approximatia®OSA) method for the methane (GHrotations. Next, the
coupled state$CS orj,) approximation is used to decouple the total angular momemtdrom

internal rotational operators. Finally, precessions are overcome by averaging the JG-PES around the
out-of-plane angle in the attacking atom geometry. This treatment leads to a five-dimensional fully
quantum mechanical computation for determining the total reaction probabilities, cross sections, and
temperature-dependent rate constants. Comparing with experiment, the calculated rate constants
show good agreement at high temperatures. At lower temperatures there are pronounced tunneling
effects. A detailed comparison is made to other theoretical and experimental treatmer802©
American Institute of Physics[DOI: 10.1063/1.1508372

I. INTRODUCTION temperature-dependent A factor ©f in the Arrhenius for-
mula. Summarizing, the experimental evidence suggests that

Understanding the fundamentals of combustion prohe present reaction may be highly influenced by quantum
cesses is important for scientific, economical, and ecologicalfacts such as tunneling phenomena.

reasons. T_he challepge for expgnmental ar!d theoretical The effective interplay of experiment and theory relies to
chemistry is substantial, and requires a combined effort of large extent on the availability of a high qualia initio

the two disciplines. For a fruitful interplay between theorygotential energy surfacPES. Jordan and Gilbelt devel-

anq experlmept, a benchmgrk system must be adopted, o?)ed a new PES, the JG-PES, based essentially on functional
which calculations and empirical data can be compared. Th?orms employed by Josepét al2® The difference exists in

H+CH,—H,+CHs reaction is emerging as such a system tche fact that the four H’'s of methane are treated symmetri-
study fundamental hydrogen abstraction processes creatm%” in Ref. 15. even thouah that some eviden ntradict
methyl radicals. Indeed, a large body of investigations, bott§ 2 €l. 15, even though that some evidence contradict-

experimentd and theoretica®~2° have emerged during M9 this claim has been publishédA well-known qualita-

the past years. Typically for combustion reactions, this mol{ive feature of this reaction, drawn from previous PESis

ecule is suspect of an important role to quantum effectsih@t the transition state has a “collinear’+H-CHj struc-

being composed particularly of hydrogen. ture follqwing closgly aCsy symmetry throughout the pro-
The reaction H-CH,—H,+CH, has been extensively C€ss. This feature is preserved also in the JG-PES. While this
studied experimentally in the 424—1600 K range. Thermafeature is similar to previous work, it is to be expected that
rate constants have been reported by a large number #f¢ JG-PES has a more accurate reaction barrier height and
investigators-—1* A comparison of the different experimental Structure.
data revealed striking differences on the estimation of the ~ The collinear nature of the transition state served as a
activation energyfrom 15.1-11.5 kcal mole' evaluated at base for several three-dimensiondB-D) and four-
high temperature range%®to 8—4 kcal mole? obtained at dimensional(4-D) quantum mechanicglQM) calculations.
low range$¥. These deviations from the Arrhenius behav- Takayanadt treated the system as a linear four-atom chemi-
ior cannot be explained on the basis of any known classicatal reaction, treating three dimensions, finding too high rate
theory. Using transition statdS) phenomenological model- constants, compared to experiment, attributed to tunneling
ing, Clark and Dov&first, and later corroborated by Tsang effects. However, they did not observe a significant departure
and Hampson? found a best fit to experimental data using afrom Arrhenius behavior. In the second, Yu and Ny#fan
employed a rotating bond umbrel{&BU) model in which
aAE|ectronic mail: henrik@netvision.net.i the reagent Cllis treated as a pseudolinear triatomic mol-
PElectronic mail: roi.baer@huji.ac.il ecule, including a bending mode to obtain a 4-D model. This
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calculation predicted still higher rate constants with lowerpendent spatial coordinates systems and a 3-D rotational
activation energy and no deviance from Arrhenius behaviortransformation to relate to both systems.

Recently, Zhang and co-workers applied their 4-D semirigid ~ Our main conclusion in the paper, beside the presenta-
vibrating rotor targef{ SVRT) model with similar purposes, tion of the method, is that high-dimensional treatment of the

considering the Clki-methane molecule globally within an System can lead to significant deviance from Arrhenius be-
optimized geometr§® This study showed markedly lower havior, consistent with experimental results. One possibility

reaction rates and a higher activation energy than the prevfor the missing effect from previous studies is that reduced
ous theoretical studies. The variational transition state theorglimensionality methods may miss tunneling effects that are
with semiclassical tunneling corrections was also used foflue to narrow restrictions in the transverse directions. The
studying this systerf{' The results of that application showed Paper is organized as follows. In Secs. -1V, we review the

large deviations from experiment at high temperatures. Atheoretical QM method employed in this research. The re-
lower temperatures, the deviation from Arrhenius behaviogUlts and discussion are provided in Sec. V, and Sec. VI is for
qualitatively similar to experimental results was reported (€ summary and final comments.

Recently, a fully dimensional method was u&eth obtain

the rate constant fod=0. The results cannot be directly Il. SIX-ATOM REACTIVE SCATTERING THEORY

compared to experiment because they are relevant only foA_ Arrangement decoupling scattering approach

very low temperatures. Recently an attempt to improve this
method was publishefd. The theory, upon which the present approach is based, is

In this paper we study the benchmark reactionnot different from that already published for tri-, tetra-, and
H+CH,—H,+CHs using a high-dimensional quantum Penta-atom systent&;?~*23*(which in practice is valid
method. Previous QM theoretical calculations have not refor any polyatomic systen We consider the total Hamil-
ported a significant deviation from Arrhenius behavior for ©onianH of the system,
this reactior.'~***The specific question we seek to answer  H=T+U, (1)
is whether this observation is a result of the JG-PES or from

. . : ._composed of a kinetic energy of all the nucleiand a po-
reduced dimensional calculations. To answer such aqueshop(:}ntiaI energy termU describing the interaction, within the
a high-dimensional quantum calculation is required. Thus i

. orn—Oppenheimer approximation, between these particles.
we present here a quantum mechanical method for calcuIaF PP PP b

) i babilities i vatomi lecul n our systemy is the JG-PES, of which more will be said
Ing reaction probabilities In polyatomic molecuiar Encoun 0. 1y order to describe the initial scattering state, coming
ters. The method relies on a recently published four

from the \ (reagentsarrangement channéhC), we define
dimensional infinite-order-sudden-approximatioiOSA) (reagents g ChC)

X the reactants Hamiltonian:
guantum mechanicalQM) methodology that was used to
study the penta-atomic system kG.2"?8 The approach is Hy=H-V,, 2

essentially an extension to higher dimensions of 3-Dyhjch governs the dynamics of the system before the colli-
schemes that had been applied in the past to the study of thgon. The potentiaV, is localized in the reaction zone and
dynamics of three- and four-atom molecufés®An attrac-  describes the coupling of the reagents AC to the reactive
tive feature of the method is that only nonreactive probabili-ACs. While we aim at reaction probabilities, the benefit of
ties in the reagents arrangement chanel) need to be our approach is that it is performed primarily in the nonre-
calculated. The total reaction probability is then obtained byactive channel. For this channel we obtain the scattering
subtracting their sum from unify:?°=32343fThis avoids the ~Smatrix and transitioriT-matrix elements, arig

coordinate transformations to reactive AC’s, decreasing con-

siderably the complexity and computational load of the cal- T —ti) = b, ~ S(tne—tin), 3)
culation. This procedure also reduces error propagation aris- 1

ing from the multiple use of decoupling schemes of different ~ S(ts,«—tj,)= E<"btm|vf| 1//%). 4
momenta, such as, for example, the coupled-§@&orj,)

approximatior?’ Since a reliable symmetrized analytic ex- ~ From these the total reaction probability can be com-

pression for the six-atom system HEHPES became Pputed, and many parameters of interest, e.g., integral prob-
availablé® not long ago, it is only natural to extend similar abilities, cross sections, opaciyelistributions, and finally
calculations to these higher-dimensional molecular systemdate constants, may then be obtained via Theatrix ele-

In order to apply the method to the atom—penta-atorf€Nnts by means of standard formuf&>***In these
reaction, various important changes, with respect to th@duationst;y represents the set of quantum numbers describ-
diatom—diatom system treated previously were requited: N9 the initial statej, in theh AC (the symbols . is the
the mathematical radial analysis is increased to five dimenkronecker delta function The initial and final stateg,
sions;(b) the CH, system is now characterized by an atom—are eigenstates of the asymptotic reagents AC Hamiltonian
diatom recursive linkage rather than by a diatom—diatonH, . Thus,
configuration of Refs. 27 and 28 for thek, molecule; and (E—H,)ty, =0. (5)

(c) the hexa-atomic molecule Ghbs geometrically described i
by a trihedral surface. To fully describe this PES in all of its Let the stateV, represent the part of the total scattering
internal degrees of freedom, it is necessary to use two indevave function that is in the reaction region and reflected
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back into thex arrangement channel. From this state one can
project out the relevam‘/tm. In principle, ¥, is an eigenstate

of the total HamiltoniarH corresponding to the given initial
state. It is split into two parts,

W=, T X - (6)

The so-called perturbed wave functiogs is obtained
by solving the following inhomogeneous SE in the close-
interaction region:

(E_H|)X)\=Vrl//ti)\, (7)

whereH,=H +V, contains the negative imaginary potentials
(NIPs),*® V, , which supply the necessary absorbing bound-
ary conditions, eliminating the need to consider fully the
reactive channels. Projection methods can be used to extract
more specific data from the perturbed wave function in the
reagents AC.

B. Kinematics

The method outlined in Sec. Il A relies on an efficient E
representation of the nuclear configuration of the reagentss g, 1. The 12 generalized Jacobi coordinates for the six-dteagents
Because it is not required to fully describe the asymptoticac studied in the present work. Note thdh the x’ andy’ abscissas are
products ACs, it is sufficient to use a coordinate system opindicated in the reverse directio(®) the azimuthal loops indicate rotations
timized for the reagents. In particular, a method that el"om 0° to 180°.
egantly handles the GHymmetry is warranted. We use a set
of generalized Jacobi coordinates, that are generated by @ andp,; p; andp andR). The three azimuthal angles
recursive atom—diatom configuratfrsimilar to the Jepsen ¢,, and ¢, then describe as rotations & around p, p,
and Hirschfelder “mobile” modé for a six-atom molecule. aroundp,, andr aroundp,, as indicated in Fig. 1.
Our application of the “mobile” model idea incorporates These coordinates describe the internal configuration of
also out-of-plane motion using orbital angles. The use othe molecule. The position in space of each nuclélg. 1)
these warrants inclusion of body-frar(igF) and fixed-space is given with respect to a certain arbitrary Cartesian frame of
components into the canonical Hamiltonian according to the&oordinates, designated &éx,y,z}. The origin ofS{x,y,z}
principles of classical mechanics. Because the JG-PES of thgeas chosen at the center of mass of the FABCD molecule
system is given in terms of the Cartesian coordinates of thémethane in the present cas&he z axis follows thep di-
nuclei, we were led to combine the Jacobi radial coordinategection and the ,x) plane is identical to theg,p,) plane.
with orbital angles. This method of specifying the configu-S{x,y,z} can be straightforwardly used to describe the coor-
ration of the system is shown in Fig. {Note since the dinates of nuclei A, E, and F. In order to facilitate the de-
entire process is described in the reagents AC only, the sulscription of nuclei B, C, and D, it is convenient now to define
script X is omitted from the variables shown in the figure. a secondary frame of referen&{x’,y’,z'} located at the
The original atom—diatom BCD linkage of Ref. 40 is center of mass of the triatom BCD, where the axis is
extended to a general atom—polyatom scheme. Each neparallel to thep, direction and the’,x’) plane is defined as
atom joining the system is connected through a radial disthe (p,,p;) one. By means of trigonometric relations and a
tancep to the center of mass of all the atoms already presenspatial rotation transformation, divided into three elementary
In this manner, five radial distances are created, as shown iflanar rotationé? the space coordinates of the atoms of B,
Fig. 1: four stretches, p,, p1, p, and a translational dis- C, and D inS’ can be related t&
tanceR connecting the attacking atom(Bere, the hydrogen ,
nucleus to the center of mass of the penta-atom FAB(De R(S—S") =R, x(01) X Ry y (1) X R, x(6), 8
methane molecule in our cgse where, for exampleli, ,(6,) denotes an elementary rotation
Seven orbital angles then complete the description of theperator in the £,x) plane through the anglé,, and so on
system, where four of them are the polar anggs: 6,, 6,  as well as for the other operators in E8). The last equation
and y (the angles sustained, respectively, betweandp,; has been developed into the following expression:

—CO{ Lpop)  —COLO)SiN(by) SN (L pyp)
R(S—S')=| cog61)sin(¢1) cog ¢y) sin(61)sin(¢1) |, )
—sin(£pp)  sin(O)sin(¢y) cos Z pop)
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where the different nonstandard symbolic terms have the folmechanical numbers associated with the precession move-

lowing meanings: ments should be conserved, the following relation must hold:
COY £ pop) =sin( 0;)sin( 6) — cog 61)cog 0)cog 1), Q=0+0,+9,. (12)
SIN (£ pop) = c0g 0;)sin( 6) + sin( 6;)cog 6)cog 1), A further explanation of the rotational dependence of the

. . solutions of Eq(11) is beyond the scope of this article.
COS £ p,p) =GOS 0,)COS 6) — Sin 6,)sin( B)cos by),  (10) Q(11) s bey P

Sin( £ pop) = sin(61) cog 0) + cog 61)sin( 6)cos ).
Thus, using Eqs(9) and (10), the CH PES becomes C. Dynamics: Potentials and approximations
fully determined by the 12 dynamic variables depicted in A fylly quantum mechanical calculation involves 12 in-
Fig. 1. . . ternal degrees of freedom and is not feasible using current
The coordinate system described above treats all the foWomputational facilities. Nevertheless, this work considers
H atoms(FABD) of the methane molecule equivalently. In gayen degrees of freedai@OF). Five DOFs are treated in a
fact, it makes no presumptions on the functionality of eachyyly gynamical fashion. The approaching angtés treated
atom and is of general applicability. This is in accordanceyarametrically and the resulting probabilities are later aver-
with the fact that the JG-PESis also symmetrical to ex- aged ovef® Finally, the effect of out-of-plane precession is

change of the four H atoms in GHThe analytical functional  taken into account by averaging the potential around this
form of the JG-PES, however, is nonsymmetrical with re-nge:

spect to the attacking hydrogen atdatom E in Fig. 1. The
fact that the CH surface is not fully symmetrical in all of its U (rp,p1pR6,¢,01416|7y)

five hydrogen atoms may cause a problem in this hydrogen- ”

abstraction reaction. However, we believe this is not impor- _ _~_ U(T pop1pRO, o011 0yd)db. (13
tant in the present analysis, which is performed exclusively 2m]o

in the nonreactive AC at energies of up to 24 kcal mble
This is because the barrier for E—F exchange is 3
kcal mole 1 while the abstraction barrier is 10 kcal mofe

To calculatey; and x [see Eqs(5) and (7)), the determi- The frozen degrees of freedom are treated within the

nation of the full Hamiltonian of a hexa-atom molecule in I0SA. where bendina anales and the rigid rotational motion
body-fixed coordinates for a given total angular momentum ' g ang 9

J is required. For the present system, the optimal configura?f the CH, molecule are not allowed to change. This situa-
L - ) o ) ion is depicted by an elastic wave function, where the rota-
t!on_ IS Obtamedob% Argcurswe apphcatlpn of the atc.)m_dlatomtional corgponent)é are expressed by an explicit dependence
linking schemé>* Thu_s, the following expression fo on the angular momentum basis functions in the form
under the stated coordinates and approximations may t\?o,o(y 5) X YO 0,0)X YOU By, 1) X YOU b, )

y ’ 1: %1 2:%2)-

worked out as The potential of the asymptotic Hamiltoni&h, , we de-

éNote because of the spherically symmetric properties of the
methane (Cli molecule, the integration may be done more
efficiently by integrating only over the interval (©).]

&2 w2 9 w2 9 note asV,=U—V,, is written for this molecule 43
He— o 1= ——— —5pa— =1
2mr or 2pmap2 dp5 2p1py 9py Vy\(rpop1pRO201 16| y)
h? 9 h? 9 h? h? =0(rpap1pOrp201160) +W(R|y). (14

P -—R+ -
2up dp?>  2MR JR*  2mr? 2/12p5 v is the vibrational potential of the isolatéchethang penta-
atom.w is also called the distortion potential and blocks the

2 2
(o—j)2+ h (i1—2)%+ h (K=jq)? reaction path by forming a repulsive wall. Both of these po-
2 2u1p3 v 2up? ' tentials are constructed frotd, the JG-PES, and are given
, by the following expressions:
h
" OMR2 (I=K)2+U(rpop1pRO2 201010y h). U(rpap1pOap01160)= lim U(rpop1pRO¢201510y),
R—

In Eq.(11), m, w,, andw, are, respectively, the reduced W(R|y):U(rep29plepeR62e¢zeele¢le¢9e| v)—const. (16)
masses of the DCCH in the present researchktretch, the . . .
triatom BCD and the tetra-atom ABCD, whije andM are Here U is the full hexa-atomic JG-PES expressed in
those of the penta-atom FABCD (GHand the atom—penta- terms of the reagent coordinates,is the spherically aver-
atom EFABCD (HCH) systemsj, j,, andj, represent the 29€d JG-PES defined in EA-3) andre, pae, pie, pe, Oz
bending angular momentum operators of the penta-atorffze: 01es $1e, @nd 6, are the equilibrium coordinates for
(methang molecule, whileK is the total angular momentum the (methang penta-atomic molecule, obtained by minimiz-
operator of this last system. These rotational operators haJ89 the JG-PES at largR. The const is selected in such a
the projectionsQ, Q,, Q;, and Q, respectively, in an Mmanner that lirg w(R|y)=0. These definitions ensure
arbitrary direction in the BF space. Because the quanturthatV, is localized to the reaction region.
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TABLE I. Geometrical and energetic parameters characterizing the reacti@Hjl in the reagent asymptotic

region, as deduced from the JG-PE®:f. 15.

Parameter Ref. 15 Ref. 23 Ref. 25 Present
Equilibrium distancegA) Fig. 1
r 1.094 1.092 1.094
P2 1.125
1 1.148
p3 1.167
Equilibrium anglesdeg Fig. 1
180- 6, 11142 107.48 113.42
0, 108.93
0 107.4% 106.00
b, 124.06
b1 64.469
Vibrational stretching frequency
(see Ref. 15 for a definition of symbols
v 0.3577 0.3496
12 0.3666
v, 0.37843] 0.3686
V3 0.3718
EnergeticgeV)
AV in -0.121 —0.120 —-0.120
ZPE (reagents 1.182 0.740
AH, 0.000 87 0.001 -0.017

*Refers to the CElsaddle point geometry.

Ill. THE REACTANTS

SinceV, is a separable potential, the solution of E&).
can be written as

Calculated asymptotic properties of the reagentsd,
are shown in Table | and compared with previous published
values wherever applicable. Our calculations assume that the
bending angles are frozen in their equilibrium values, con-

wtm(rpzplpR62¢261¢10y| v vov3d) sistent with the IOSA assumption for the reactive scattering.
This explains the small differences in the comparison. We
first present equilibrium geometric parameters of distances

:I’p P pR¢k(rP2P1P92¢291¢167’|VV1V2V3) and angles. Next, the vibrational frequencies are shown. Fi-
2Pt nally, energetic data is given. As discussed in the Introduc-
X\ (Rlvviv,vsd), (17)  tion, the JG-PES does not treat all five hydrogen atoms

where ¢, are the eigenfunctionvith vibrational eigenval-
uese(vvyv,vg)] of the equatiof®

equivalently. The abstracted hydrogen therefore has slightly
different equilibrium angles and vibrational frequencies.
Overall, the results presented in Table | show good agree-

K2 92 hZ 92 k2?2 92 hZ 52 ment with results published by other groups. A further dis-

cussion of the implications concerning the reaction data will
be given in Sec. V.

T(rpap1pb20261$16) — e(vvivovs) IV. DERIVATION OF THE PERTURBED WAVE
FUNCTION
X (T p2p1p 0226016107y vv1vyv3)=0. (18) The perturbed wave functiog, is derived by solving

Meanwhile £, (R|y|vv,v,v3J) are the solutions of the Ed. (7) in the reagents AC. In order to accomplish this, we
equation must use two negative imaginary potentid§Ps). One NIP

. w(R
2M 9R?Z 2M R? (R}7)

) ) ) is placed in the far reagent asymptorgeR) to absorb the
he a9 N 730+ L reflected(elastic and inelastjovave. The other NIP is placed
in the H,+CHjs channel(p) very close to its entrance and it

absorbs the reactive flux. Both NIPs are of the Neuhauser—

2
— —K3(vviv,va)
oM ( 1¥2%3

Baer linear ramp typ& their spatial extent was 1 A, and
O (Rly|vvivpv3d)=0. 19 their respective heights are 0.5 and 0.15 eV. At the consid-
ered energies, all other channels in the system are closed.

Here k(vv,v,v3) is the standard wave number defined The total imaginary potential is thus

by

K(vvivyvg) =

oM 1/2
?(E_G(VVleVs))] . (20

Vi(rpop1pRy)=—i[vip(p) +ovir(R)]. (21

We refer the reader to Sec. Il B for a description of the
coordinates and the various approximations used.
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Adding the two NIPs to the real potentidiconverts the where €,(R,) is the correspondingth eigenvalue related to
scattering problem into a bound system problem. Consethe eigenstates of E26). The four-dimensional functions
quently, y can be expanded in terms of square integrafle f.,(rp1p,p|y) are determined by the following scheme. For
functions**~*® These are chosen as localized functions foreach of the independent variablesd ,p,,p) the other five
the translational components and adiabatic basis sets for thariables are frozen at their equilibrium values and a one-
four vibrational coordinate®>° Thus, x,, pertaining to a dimensional vibrational Schdinger equation is solved, to
given angley may be written & (here we start specifying obtain N vibrational functions for that degree of freedom.
explicitly the quantum numbers of the various wave func-For the variablep this Hamiltonian is non-Hermitian due to
tions) the presence of the NIP. Then, all possible fourfold products
of these functions, regarded as a global basis, are used to

J H . B . .
X(rp1p2pRIte| t) construct a matrix representation df;, . The matrix is then

1 diagonalized and its eigenvectors are used to construct
S ad (| Yt gn(R) fni(rp1paply), (220 fo(rpipop|y) as alinear combination of the fourfold global
rpipopR nt basis. This procedure must be solved at each grid grjint

wheret; andt, indicate together collectively the quantum |he number of global functions is determined so that a lim-
numbers identifying the initial and final state of the elasti-1iNg energy of 2.5 eV is reache(ee also a discussion in

cally colliding H+CH, system. In additiong,(R) is the lo- ~ Ref. 48, thus this nugnber may vary from oifiegrid point to
calized Gaussian functidii:s? another. Finally, the,,, coefficients are obtained by solving

X Eq. (7) with theansatzof Eq. (22). This is done by solving a

a |\ a? [ R—R, linear set of algebraic equations using thaJ) decomposi-
9n(R)= expg - ’ (23 tion method? This set of equations must be solved sepa-
a'\/; 2 T
rately for each value of.

whereR,(n=0, ... N) are N+ 1 equidistant sectors along Once theaf]t coefficients are known and replaced in Eq.
the translational axiR, « is a fitted dimensionless parameter, (22) to computey, the scattering elemen®(t;—t;) can be
and o is the grid spacing, calculated by means of E¢4), under the form

o=R,—Ry_1. (24)

1

_ . . Sty—t) = (R IVI) + 2 (VI Y7, )
The choice of value for is not crucial, as noted by nt
Hamilton and Light! who analyzed the behavior of this
constant over the rang€0.5-1.1). Moreover, Gilibert XYO90,0) X YO O01,1) X YO 05, 0,)) |.

et al,?° who investigated the expansion of the translational

wave function in terms of such localized Gaussian functions (27)
in a collinear scattering collision, found that a reasonable

: : X i ee Formally, f,; should include an explicit dependence on
choice of the width of the Gaussian functions/ &) is given

the same angular momentum basis functidf. Since these

by spherical harmonic functions assume a constant value due to
o 1 the IOSA concept, their inclusion in E(R2) is inconsequen-
—_ — (25)  tial because they will cancel when solving ferin Eq. (7),
a 2k irrespective of their value. Nevertheless, their role is impor-

tant in the calculation of the scattering matrix elements and
thus they are shown explicitly in E§27).

The entire procedure outlined above is repeated for each
é(alue of J. Once theJ-specific averaged reaction probabili-
ties are obtained, the QM state-to-state reactive cross sec-
tions are calculated using

wherek is the same wave number defined in E20). From
Eq. (25), it could be inferred that by assigning the greater
values toa, fewer Gaussian functions will be required to
meet the conditions of this equation. Nevertheless, from th
influence of @ on the numerical calculation of the phase
shifts, a limit of «=1.5 is advised® To obtain well-
converged I0OSA results, the translational coordin@tex-

o
tended from 1.55 to 4.5 A and the grid spacing used was o(t;«t;)= > (23+1)|S(t—t)) |2, (29)
_ K2(Ey) 3
o=0.1 A tr
As for f(rpipaply). itis an eigenfunction of the vi-  where k(E,) is the standard number for the whole atom
brational HamiltoniarH,;, : +penta-atom system, which is defined bi*(E,)
_ =(2M/h?)E,,.
(Hyip Et(Rn))fnt(rplp2p|7’)
PEI T T B B S I Y I V. RESULTS AND DISCUSSION
| T om a2 2u, (9_[,5_ duy ;ﬁ_ 2u ap? ~ Total reaction cross sections, as a function of the colli-
sion angley for several values of the translational energy in
— the range 0.3-0.7 eV, are given in Fig. 2. It is assumed that
+U(1p2p1pR|Ozeoeliebicbel v) — €(Rn) - the methane molecule is in the ground vibrational state.
Roughly speaking, for these energies, the aperture of the re-
X fa(rpipaply)=0, (26) action is 25° or less, indicative of a substantial “collinear”
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FIG. 2. The dependence of calculated integral cross sections for the reactio
H+CH,—H,+CHjs as a function of the incidence cag( Curves shown
were calculated for different values Bf, ranging from 0.30 to 0.70 eV, as
indicated in the figure.

0.20
G.15

. . 0.10
nature. A strong tunneling effect is observed as large cros:

sections at energies lower than the minimal reaction barriel
of 0.473 eV¥® The corresponding opacity functions are
shown in Fig. 3 for the same values of the translational en-
ergy. The results are averaged ogeiThe impact parameter
can be deduced from these results and shows little sensitivit
to E,, equal tob=2.2 A. This value is somewhat larger than 0.00 ¢
the value ob=1.7 A found by classical calculations of Ref.
15 at similar energies. The optimalvalue depends on the

translational energy running frodv=10 at Ey=0.3 eV toJ FIG. 3. Opacity functions calculated as a function of the total angular mo-

=20 atE,=0.7 eV. mentum. Curves have been calculated for the same range of valligs of
A convenient way of perceiving the energetic characteras indicated in Fig. 2(a) Standard absolute distributiolb) Probability

istics of the PES consists of analyzing the energy depen\LaIues Weight_ed with the factor _(]2— 1), showing the contribution of each
dence of the reaction probability d=0 along a collinear M t© the integral cross sectigsee Eq/(28) in the tex].

trajectory (y=0). Such results are shown in Figal Two

striking features are evident. First, the threshold isEgt

=0.1 eV, which is evidence for large tunneling effects, sincely explained and remain an open question. Previous quan-
the collinear barrier height is at 0.437 &\The second is the tum dynamical calculations, although of limited dimension-
presence of resonance peaks in the reaction probability, ceatity, also predict a collineal=0 peak at low translational
tered atE,=0.38 eV andE,=0.6 eV. By changing the di- energies of 0.48 and 0.44 e\

rection of collisiony, we depart from the saddle point geom- One similarity, nevertheless, between the SVRT work
etry, the potential becomes more repulsive, and the reactivitgnd ours is the oscillatory structure of the reaction probabil-
diminishes appreciably. This is seen when we average ovety along the collinear direction as shown in curv@s and

the collision angley [Fig. 4(b)]. The averaging also smears (c) of Fig. 4. According to Ref. 23, this oscillatory structure
out the resonance structure. The consequence of this is thist due to the broad dynamical resonances that exist in the
the average integral reaction probability looks muchH-+CH, reaction. We observed, however, that this structure
smoother and lower. The prediction of the SVRT médled  exists only close to the collinear orientation of the reaction
also shown in Fig. ). These authors optimized the €H axes, since this effect disappears after averaging all incident
geometry by assigning to the angles 4., 6,) the transition  orientations. This can be seen in culia of the same figure.
state value of 107.45°, which corresponds to a barrier height The calculated cross sections of Fig. 2 are averaged over
about 0.48 eV. These calculations show a resonance peak the angley to yield the H+CH, reaction cross section as a
0.53 eV. The two calculations show very different resultsfunction of translational energy. These are shown in Fig.
that, in view of the different approximations, cannot be eas5(a). As can be seen from this figure, the quantum threshold

0.05

Weighted reaction probability
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FIG. 4. Energy dependence of the reaction probability at the initial rota-FIG. 6. Arrhenius plot of the rate constanis 100K/T for the fitle reac-
tional ground state Y=0): (a) Along a collinear direction of the axes tion. (& A full line (—) indicates the present resul@M-5D); (b) an open

H—H-QHy); (b) the average over all orientationy,@); (c) results taken ~ dotted line(O) represents reduced dimensionally QRDQM-3D) (Ref.
from Ref. 23. 21) predictions;(c) a light line (—) SVRT (Ref. 23 ones;(d) a dotted line

(@) represents full dimensional QQM-FD) calculationgRef. 25; (e) the

heavy dashed liné——-) is the rotating bond umbrelle(RBU-4D) model

curve (from Ref. 23; (f) the light dashed lind——-) represents QCISD
of the reaction is found at approximately 0.3 eV, which whenpredictions(from Ref. 24; (g) experimental points indicated as an open up

P : triangle (A) (Ref. 4; dot (@) (Ref. 7; diamond(<) (Ref. 11); solid dia-
compared to theab initio barrier of 0.473 eV shows that mond () (Ref. 3: open dot(O) (Ref. 8: open squardLl) (Ref. 1: full

tunneling effects are important. For comparison, results fromyquarem) (Ref. 9: inverted triangle(V) (Ref. 5; cross(+) (Ref. 10: (x)
Ref. 23 are also given in the same figure. Once again theef. 14.

threshold of the latter calculation is much higher, as dis-
cussed in connection with Fig. 4.
The thermal rate constants are calculated from the total
cross section using the expression
1|32 g |12 wherekg is the Boltzmann gas constant aktthe reduced
k=(—) (_) f Eco(Er)e ET/keT dE;, (29) mass of the atompenta-atom system in Ec(ll). These
kgT ™™ 0 computed rate constant values are presented in Fig. 6 as a
solid line. The most striking feature is the strong departure
from Arrhenius behavior showing up as a dependence of the
2.00 slope on the temperature. The strong departure is evident
already at relatively high temperatures of about 1000 K, in
agreement with experimental results of Ref. 10.
For comparison purposes we also show in Fig. 6 rate
constants obtained by different theoretical metRbds as
well as experimental dafa®®-1%12-1%rom an inspection of
Fig. 6, it may be concluded at first sight that no theoretical
calculation accurately describes the intensively researched
experimental temperature rate constants of the title reaction
in the 424-1600 K range. Referring to the closest curves to
those of the experiment, we distinguish in Fig. 6 the varia-
tional transition-state results of Ref. 24 and the SVRT
method?® The first is obtained using a different potential
surface and thus cannot be directly compared to our calcula-
tions. The SVRT results use the JG-PES, but make different
assumptions, in particular, using a smaller number of degrees
°‘°°0_1 o_lz 03 04 05 06 07 08 08 10 of freedom. Their results yield a curve on the Arrhenius plot
E (eV) which agrees reasonably well with some experimental data
tr in the 424-1000 K range. It fails, however, to describe the
FIG. 5. The dependence of calculated integral cross sections for the titl(e:hange of curvature at the 1000 K region. This issue, which

reaction as a function of the translational eneffigy. (a) Present resultsp) can be eaSi_ly explained as a qua_ntum effect, is not new and
results taken from Ref. 23. has been discussed extensively in the pastOur results,

g
\

100

0.50 —

Cross section(bohr?2)
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