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On the J-Shift Approximation in Quantum Reaction Dynamics
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The validity of theJ-shift or the energy-shift approximation is investigated numerically by taking the reaction
O(CP) + HCI —OH + Cl as an example. The approximation based only on the resuligtotal angular
momentum quantum numbes) 0, which is the ordinary-shift approximation, cannot reproduce the exact
reaction dynamics well, especially when the initial rotational quantum number is high. The reaction rate
constants for specified initial rovibrational states are over- or underestimated depending on the initial state
and temperature. The good agreement with the accurate result of the thermal rate constant seems to be rather
accidental because of the cancellations of these over- and underestimates. An eXtamtteaxpproximation

is proposed, in which accurate calculations should be carried out dp=t¢ with |Q| < Qunax Whenj; <

Qmax OF Up t0J = Quax Whenji > Qnay, WhereQnmax is the maximum of the absolute values of the body-
fixed projection quantum numbée that give noticeable contributions to the reaction dynamics. When the
maximumJ required to have a well converged cross-section and rate constant is much larggy ithian
recommended to carry out accurate calculations at some represegdtatiiges and to use these values to
estimate probabilities at othdrvalues by an appropriate interpolation or extrapolation procedure.

1. Introduction J < ji.57 Their thermal rate constant is much larger than that of
Koizumi et al. Recently, Thompson and Milfeand Aoiz et
al? calculated the thermal rate constant and obtained a good

dynamics, a large number of the _total angular_ momentum agreement among themselves, although their results are larger
guantum numbed should be taken into account in order to than that of Koizumi et a. The former used the fluxflux
calculate accurate reaction cross-sections and rate constants. Thig . -2+ function méth d811and the latter carried out
still presents a big labor task, and thus $&hift or the energy- !

shift approximation has been proposed to simplify the calcula- the guantum scattering calculations fdr= 0 using the
tions p‘IE)his enables us to eF\)/aISate cross-sgctions and ratehyperspherical coordinate method. Both of them used the simple
X . 12 J-shift approximation. On the other hand, there has been found
constants using only the accurate result3 of0.12 An extended . . . .
! . RS ; a simple error in the accurate calculations done in refs 5 and 7.
version of the energy-shift approximation (constant centrifugal

potenilaprcsimaion) e isobeen broposed,n e e Calouatonsof cosssectons and rte contants
accurate calculations are required Jot j;, wherej; is the initial ' y

rotational quantum numb@rThe simpleJ-shift approximation the reduced mass of the reactant diatomic molecule HCl instead
based on thg = 0 results works relatively well when two or of the reduced mass of the system. Thus, the factors 1/11.35
more atoms in triatomic reaction systems are light (thus the and 1/38.22 should be multiplied to the cross-sections and rate

maximumJ required for the convergence of cross-section is constan_ts in these references, _respectively. All of the other
not large) and the initial rotational quantum number is equal to calculations and results are all right.) The corrected values of

zero. When reactants are rotationally excited, however, the thermal rate constant agree well with those of refs 8 and 9 over
approximation becomes questionabl€his is true even foj; the temperature range of 3601000 K. Thus, the simpla-shift
= 0, when two or more heavy atoms are involved in the system approximation seems very good at least for the thermal rate
and thus a large number dfare required constant. However, as was already pointed out beforel-#éft

For the reaction system &X) + HCI, Koizumi et al. applied approximation ac_tgally cannot.r.epr(.)qqce the nonz]ams.ults
the J-shift approximation and calculated the thermal rate properly for_t_rgnsﬂmns of speC|f|e(_j initial states, especially for
constang Since their main purpose was to obtain an analytical the probabilities and cross-sections. Thus, even the .QOOd
potential energy surface (hereafter referred to as KSG_F,ES)’agreement of thermal rate constant seems to be rather accidental.
they adjusted an analytical function so that the calculated thermaIThere IIE an e”xampleczj n v(\j/hblcflheve_n trleht_?termal ra_1te ;:_onstant
rate constant reproduces the experimental results. Therefore,wec""gntcl)q gwe r_eprof lt"ﬁe y efebsmpe : apptrogmatlr?n,
cannot judge the validity of th&shift approximation from their End f.e dyfnamlcs ﬁ l(;abnonz d(z-complonen 0 m)%?eg
results. After that, Nakamura and co-workers have carried out 20dY-fixed frame) should be treated properly to some exterit.
accurate calculations far= 0 with use of the KSGPES and N the present paper, the validity of the simpleshift ap-
claimed that the accurate calculations are necessary at least foproximation is dlscugsed_ In more detail and an extended version

of the J-shift approximation is proposed.

" Present address: Department of Chemistry, Graduate School of Science, 1 NiS paper is organized as follows. In the next section the
Hokkaido University, Sapporo 060-0810, Japan. J-shift, or the energy-shift approximation, is briefly described

In the quantum mechanical studies of chemical reaction
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Figure 1. Accurate, simplel-shift and extended-shift reaction probabilities (a) fgr= 0 and 5 atE = 0.5 eV and (b) fofi = 10 atE = 0.3 and
0.5 eV as a function od. (c) Comparison of the reaction probabilities with and without Coriolis coupling.



J-Shift Approximation J. Phys. Chem. A, Vol. 103, No. 34, 1999717

a (©
20x10™" 4 1
7x10™7 4
cross section for j; =0 cross section for j; = 10
—— accqrale ] —8— accurate
~o— I-shift —0— J-shift
--- extend. ---  extend.
6-
15
54
- K
E =
2 g
g 5 4
= o
3 104 o
2 2
- =1
g ]
5]
N e
p 3
24
54
p .
0 T T T 046 v T T y T
02 0.4 0.6 0.8 1.0 0.2 04 0.6 0.8 1.0
total encrgy (eV) total energy (eV)
(b)
3.0x10"7 4 ———
cross section for j; =5
—@— accurate
—o— J-shift
--- extend.
254
2.04
i
2
=
g
k1
3
g 1.5
1=
1.0
0.5
0.0 Y T T T T
0.2 04 0.6 0.8 1.0

total energy (eV)

Figure 2. Accurate, simplel-shift and extended-shift reaction cross-sections fgr= (a) 0, (b) 5, and (c) 10 as a function Bf
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and the extendedshift approximation is proposed. In section . ! . : :
3, various numerical data are presented to demonstrate the {L

inaccuracy of the simplé-shift approximation with respect to
probability, cross-section, and rate constant. Section 4 provides
concluding remarks.

thermal rate constant
accurate J-shift extend.
- -0 —®

2. Energy-Shift Approximation

2.1. J-Shift Approximation. Since the simplel-shift ap-
proximation has been well described elsewhere, here we give
only a brief outline. The essence of this approximation consists
of the following replacement:

J

PiLEI~Py= Y Pio°E,—Ew) (1)

0=

where PjJi,Jf is the reaction probability for the specified initial
and final rotational statgsandj; at eachl, Ey is the translational
energy, andyq is the rotational or centrifugal potential energy
at a certain representative configuration such as a saddle point.
In the case of a heawlight—heavy system, it is appropriate

to take the rotational energy of a symmetric top at the saddle
point and therE;q is given by

-l
rate constant (cm3 molecule” s )

rate constant for j;

J(J + 1)h2 1 1 2 accurate J-shift extend.
e A— [ ——— -0 ;=0
S (Z'A 2 B)QZH @ T x

19 |
wherelg andl, are effectively the moment of inertia of-€Cl 10
and that of H about the ©CI axis, respectively. Equation 1 o s 7 25 % s 40
clearly shows that not only nonzetb but also nonzerd2 LO0O/T (K1)

dynamics are approximated by the simple energy shift using Figure 3. Accurate, simplel-shift and extended-shift thermal rate

pnly theJ = 0 results. As will be descnped later n detai, this constants and initially specified rate constantsjfer 0, 5, and 10 as
inaccurate treatment of nonzefbdynamics sometimes causes 3 function of 1000F.

a big error.

2.2. Extended]-Shift Approximation. As was demonstrated  has peen pointed out in connection with the @HH, reaction
beforé”and will also be shown in the next section, the nonzero i ref 12. When two or more heavy atoms are involved in a
Q dynamics in the case ¢f > 0 cannot be simply estimated system such as in the present3@) + HCI system, the
by the energy-shift approximation from the results)e# 0. In maximum J required to have cross-sections well converged
fact, previously we have claimed that the accurate calculations gyiends to a large number. In this case, it is recommended to
should be carried out up b= j; for [Q2] < Qmax, WhereQumax carry out accurate calculations at some representative large
is the maximum of the absolute values®@that give noticeable  yayes, and the results may be interpolated or extrapolated to
contributions to the dynamics. Although it is necessary to find gptain cross-section and rate constant.

Qmaxby carrying out accurate calculatiori.x= 3 ~ 5 would Recently, Zhang and Zhang proposed a unifodrshift
practically be quite enough if the body-fixgdaxis is chos_en approach to evaluate thermal rate const&h@hey proposed
properly. Here, we propose the alternative energy-shift ap- o yse a temperature-dependent shifting constant to produce the
proximation named as the extendeshift approximation given  pest possible thermal rate constant, but not trying to accurately
by reproduce the individual dynamics at= 0. In the present
, i 5 extendedJ-shift approximation, we do not vary the shifting
P?]->ji(E1) ~ P E, — JJ+ 1A n i + D 3) constant, but we can well reproduce not only the thermal rate
jilg Nt Jilf r 2l 2l constant but also the individual reaction probabilitied at O
for a specified initial state by carrying out the accurate dynamics
This approximation is essentially the same as the constantcalculations up ta = min(ji, Qmay.
centrifugal potential approximationA more convenient, yet

quite accurate, version §f > Quax iS 3. Validity of the Approximation
5 3.1. Reaction Probability for Specified Initial States.
PP Cmay(E ) & PP Sma _J0+ DA n Figures 1 (a) and (b) show reaction probabilities for some repre-
Jile ) ~ Jilt Ey 2l sentativg; andE as a function ofl. Not only the results of the

accurate and the simpl&shift calculations but also those of
(4) the extended-shift approximation are shown. The accurate ones

are the calculations of the same level as those in ref 7. As a

whole, the simplel-shift approximation cannot reproduce the
This simplification can save a lot of computational effort for a accurate results well. Discrepancy in the cases &f3 and 5
largeji since Qmax = 3 ~ 5 would usually be large enough. in Figure 1(a) and ofi = 10 atE = 0.5 eV in Figure 1(b) is
The similar notion about the significance of nonz&alynamics quite noticeable. This is obviously due to the inaccurate

Qma)(Qmax + l)h‘2
2l
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Figure 4. Integrands of the rate constant fpr= 10 as a function oE at T = (a) 400 K and (b) 1000 K. The closed circles are the accurate results
and open circles the simpleshift approximation.

treatment of the nonzer@ dynamics within the simplé-shift approximate results of cross-sectionsjfer 0, 5, and 10. It is
approximation. SinceEyq is relatively small at small, the clearly seen that the simpleshift approximation does not work
approximate probability fod > 0 is nearly equal to the accurate  well for largej; and at high energies, although the= 0 case

one atJ = 0 multiplied by 21 + 1 (see, eq 1). As a result, the is acceptable. Besides, deviation from the accurate results is
overestimate or underestimate occurs depending and E, not simple. The approximation overestimates the results at all
which we cannot predict a priori. Actually, the accurate results energies whep = 5, but under- and overestimates interchange
deviate quite a lot from those values. Since there is no nonzeroat aroundE ~ 0.42 eV whenj; = 10. These under- and

Q component whei = 0, the approximatd-shift probability overestimates actually cancel with each other and lead to a good
decreases monotonically as a functioofhe accurate results  agreement in the final result of the rate constant, as will be
for jj = 0, however, depict rather sharp changed at0 in the demonstrated in the next section. As is expected, the extended

similar way as injj = 0 cases. This is due to the effect of the J-shift approximation works much better than the simpkhift
Coriolis coupling, which is, obviously, not taken into account approximation and reproduces the overall feature relatively well.
within the energy-shift approximation. Figure 1(c) shows the  3.3. Rate Constant. Figure 3 shows the accurate and
effect of the Coriolis coupling for certaip andJ at E = 0.5 approximate thermal rate constants as a function of temperature.
eV. There is a relatively large discrepancy especially when The simpleJ-shift approximation reproduces the accurate one
= 0. However, rather good agreement between the probabilitiesquite well, especially at high temperatufe~ 1000 K. This
with and without the Coriolis coupling has been foundjfor good agreement is rather surprising, considering the inaccuracies
3, 5, and 10. Since the probabilities for largé~10) give a of the approximation shown so far. The rate constants for the
dominant contribution to the thermal rate constant in the presentspecified initial rotational state= 0, 5, and 10, are also shown
system, the Coriolis coupling does not seem to give a large effectin the same figure. As is expected, the overestimate (underes-
as a whole. timate) occurs in the case @f= 5 (0 and 10). This kind of
Figures 1(a) and (b) also depict results of the exterddetuift cancellation makes the thermal rate constant closer to the
approximation. This approximation reproduces relatively well accurate one. More significantly, the cancellation of the under-
the accurate results. In this approximation, the exact calculationsand overestimates seen in Figure 2(c) in the casg sf 10
were carried out fod < Quax = 3 including all Q] < Qmax makes the thermal rate constant in the sindedhift approxima-
components. The approximation improves the simpkhift tion to be in very good agreement with the accurate one, because
approximation very much but is still not enough to reproduce j; = 10 gives a large contribution to the thermal rate constant.
fine structures of the accurate results. This is not due to the To see this more directly, the integrand of the rate constant for
neglect of the components (| > Qaxbut is rather ascribed  jj = 10 as a function of energy is shown in Figure 4(a) and (b)
to the intrinsic defect of the simple energy shift. for T =400 K and 1000 K. The underestimate of the integrand
3.2. Cross-Section for Specified Initial StatesFigure 2 is apparently expected d = 400 K, and the cancellation is
shows the similar comparisons between the accurate andanticipated aff = 1000 K in agreement with Figure 3. From
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these results one can guess that the very good agreement of thom numerical calculations, but usualiynax = 3 ~ 5 would
thermal rate constant @t= 1000 K would be rather accidental. be enough if the body-fixed-axis is chosen properly. In some
Actually, the deviation seems to grow again to some extent at cases, such as in the present hedight—heavy system, the
temperatures higher than 1000 K, as is conjectured from Figurerequired maximumJ extends to 100 or more, while the
3. This could not be confirmed numerically, however, because maximumj; necessary for the thermal rate constant for 1000 K
of the difficulty of carrying out well converged calculations at is around~15. In such cases, additional accurate calculations
such high temperatures. It should be noted that there is anare required at some representative> j;) to obtain the well
example that the simpl&shift approximation cannot reproduce converged cross-sections and rate constants. The probabilities
the thermal rate constant wéf. at otherJ can be either interpolated or extrapolated using these

Figure 3 also depicts the results of the extendeshift results. Although the effects of Coriolis coupling were not
approximation. As is seen, the approximation improves the investigated in much detail, that does not seem to give large
results and is expected to provide a much more reliable methodeffects.
than the simplel-shift approximation, in general.
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The validity of theJ-shift or the energy-shift approximation
has been investigated by taking the’B)(+ HCl reaction as an
example in comparison with the quantum mechanically accurate
calculations. The reaction probabilities, cross-sections, and rate
constants for specified initial states could not be well reproduced
by the simpleJ-shift approximation. The approximation becomes
worse at highj; and high energies. Nevertheless, the thermal (1) Takayanagi, KAdv. At. Mol. Phys.1965 1, 149.
rate constant was found to be reproduced well by the ap-  (2) Bowman, J. MJ. Phys. Chem1991, 95, 4960.
proximation. It is true that various cancellations occur generally ~ (3) Ohsaki, A.; Nakamura, Hehys. Rep199Q 187, 1.

in a highly averaged quantity such as thermal rate constant, andioq(i)zgff”bayasm K. Takada, S.; Nakamura, H.Chem. Phys994

such quantity might be relatively well estimated by even a rough (5) Moribayashi, K.; Nakamura, Hl. Phys. Chem1995 99, 15410.
approximation. The agreement in the present case, however, (6) Koizumi, H.; Schatz, G. C.; Gordon, M. S. Chem. Phys1991,
seems to be too good for the quality of the approximation. 9% ?%Zhobusada K Moribavashi K. Nakamura. B Chem. Soc
Besides, the agreement becomes better at _h'gh temperature§araday TranleéZ 93 721. Ngbuséda:’K.; Moribayéshi, K, Neikamljr’a,
around 1000 K than at lower temperatures. This should be otherH. J. Chem. Soc., Faraday Tran998 94, 183 (erratum).

way around, in principle, and we think that this good agreement  (8) Thompson, W. H.; Miller, W. HJ. Chem. Phys1997, 106, 142.

is actually accidental. The analysis carried out in the present Thompson, W. H.; Miller, W. HJ. Chem. Phys1997 107, 2164.

L . (9) Aoiz, F. J.; Baares, L.; Castillo, J. F.; Mémelez, M.; Verdasco,
work indicates that the dynamics of nonzeldoshould be J. E.Phys. Chem. Chem. Phyk09g 1, 1149.
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