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The cumulative reaction probabilitfC RP has been calculated for the HOH« H,O+H in its full
dimensionality by using the centrifugal suddé@S approximation forJ>0. The Boltzmann
average of the CRP provides the most accurate thermal rate constant to date for the title reaction on
the Walch, Dunning, Schatz, Elgerst\@DSE) potential energy surfad®’ES. It is found that the
theoretical rate is larger than the experimental value in the low temperature fedamtor of~1.8

at 300 K, and smaller than the experimental value for temperatures higher than 500 K, indicating
that a more accurate PES is needed to provide a quantitative description of the title reaction. We also
demonstrate that the “J-shifting” approximation in which we calculdtg)>K,K) from N(J

=K,K) by an energy shift works very well for this reaction. However, the “J- and K-shifting”
approximatior calculatingN(J,K) from N(J=0,K=0)] overestimates the rate for this reaction by
about 60% for all the temperatures investigated. It is also found that the CS rate constant is
substantially lower than the rate constant for the ground rovibrational state of the reagents calculated
on the same PES, indicating that initial rotational excitation is important to the thermal rate constant
for this reaction(it causes a decregse © 1998 American Institute of Physics.
[S0021-960608)02025-X]

I. INTRODUCTION tal thermal rate constants, the “J- and K-shifting”
approximatioh®®! was invoked earlier to obtain the theo-
Significant progress has been made in the last few yeaiigtical rate constants from the CRP fbr:0.141%(The CRP’s
in quantum reactive scattering studies of four-atom reactionfor J>0 are extremely demanding computationalhe J-
in the gas-phase. Starting from reduced dimensionalitghifting and K-shifting approximations are both based on the
approache&?it is now possible to carry out full-dimensional assumption that the total angular momentdrand its pro-
quantum  calculatons for  diatom-diatd8m and  jection on the body-fixed axik only affect on the reaction
atom-triatoni reactions due to the development of new the-probability by an energy shift due to the effective rotational
oretical and computational methodologies and the exploitapotential at the transition stat®!® These approximations
tion of increasingly fast computers. Accurate quantum scathave never been tested for a four-atom reaction. A recent
tering studies have been carried out for a number obtudy on triatom systems showed that the variatioK dfas
important four atom reactions, such as the,HDH  a stronger effect on the dynamics than the changé bé-
—H,0+H3>*5% and its isotopically substituted cause it affects more strongly the internal motiéhdhus
reactions, ! the HO+CO reaction® and recently the we should treat rate constants obtained by using the J- and
H,+CN reaction'® Total reaction probabilities, cross sec- K-shifting approximation for four-atom reactions with cau-
tions, rate constants, and even final state resolved reactigion. One purpose of this study is to evaluate the adequacy of
probabilities have been reported for these reactions for a fewhese approximations.
initial states. The cumulative reaction probabiliti€SRP Some time ago, we developed the transition state wave
N(E) for J=0 have also been calculated for the, H packet methodTSWP?! to calculate efficiently the cumula-
+ OH**®and H, (D,) +CN*’ reactions. These studies pro- tive reaction probabilitiedl(E) at all energies desired from a
vide unprecedented quantitative descriptions of these foursingle propagation of each transition state wave packet for-
atom reactions. ward and backward in time. ThH(E)’'s so obtained can
However, these earlier quantum results are still not sufthen be thermally averaged to produce the thermal rate con-
ficient to be used for unambiguous comparisons with experistants at all desired temperatures. This approach differs from
mental observations, or to judge conclusively the quality ofthe other approaches to calculating either the rate
the potential energy surfad®ES used in dynamics calcu- constart>=26or N(E)?"**directly in that we do not have to
lation. For example, in order to compare with the experimen+epeat our time dependent calculations for different energies
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or temperatures. The great efficiency of the new method for= pair of nonvanishing eigenvalues. The corresponding
direct reactions, demonstrated on the#OH reactio® and  eigenstates are also complex conjugafes;>®
recently on the K (D,) +CN reaction'’ makes it possible to

! Fl=)==\*). 3
carry out the calculation of the total CRRE) summed over
all important angular momentum valuds for some four In the TSWP approach we first choose a dividing surface
atom reactions. S, separating the products from reactants preferably located

In this paper, we report the first calculation{E) for  to minimize the density of interndtransition states for the
a four-atom reaction summed ovel. Specifically, we energy region considered. The initial transition state wave
present the full dimensional quantum calculations of CRFpacketg ¢;") (i=1,n) are constructed as the direct products
N(E) for the reaction of H+OH under the centrifugal sud- of the Hamiltonian eigenstates &, | ¢;), and flux operator
den (CS approximatiorf>* We use the WDSE PE%*"  eigenstaté+) with positive eigenvalua for the coordinate
modified by Clary*? From theseN(E)’s one can obtain the perpendicular tcs,, i.e.,
thermal rate constants via the Boltzmann average. Although N .
the CS approximation also has not been tested for any four- ¢ )=I¢0]+) with H51|¢i>:8i|d’i>' (4)
atom reaction, it has been tested for some atom-diatom reac-
tions, and found to be within 20%—-25% of the accurate ther:t
mal rate constant. A recent test by Agudtishowed the CS
approximation works very well for the HiHF reaction,

The trace in Eq(1) then can be efficiently evaluated in
erms of| ;") (i=1,n). Utilizing the Fourier transform iden-
tity between the energy and time domains &E—H), we

X i convert the problem into a time-dependent one by propagat-
while another recent test by Miller and co-workers revealeqng |47) (i=1,n) in time as in the initial state selected wave

that it is not very accurate for the €H, reaction(although acket approach to get the cumulative reaction brobabilit
they did not show how bad the CS rate constant is compareﬁ(E) PP g P y

to their accurate result® However, it is generally accepted
that the CS approximation is more reliable than the J- and " "

K-shifting approximation for most reactions. Thus we be- N(E):izzl Ni(E>=i=El (4i(B)|F|ga(E)). ®
lieve that our calculation should provide the most accurate

rate constant for this four atom reaction to date as well as Zhe energy-dependent wave functiggis(E)) are calculated
rather unambiguous test for the accuracy of the PES and then the second dividing surfaees

validity of J- and K-shifting approximation for this four- oo

atom reaction. This study not only demonstrates our ability  ,(E)= \/Xf dt &E M g). (6)
to accurately calculate rate constants for four-atom reactions -

on a given potential energy surface, it is also of practical
importance for modeling this very important combustion and
atmospheric reaction.

The paper is organized as follows: In Sec. Il we outline
the theoretical methodology of the TSWP approach(&) The Hamiltonian for the diatom-diatom system in mass-
for the H,+OH reaction. Section Il presents the results of Scaled Jacobi coordinates can be writteff a5
our calculation, includingN(E) and rate constants for the 3
title reaction as well as comparisons with the J-shifting and = i 2
J- and K-shifting approximations. We conclude in Sec. IV. 2p =1

B. Application to the H ,+OH reaction

2
B 2

> +V(81,52,83,01,62, ),
st s

)

Il. THEORY wherej, andj, are the rotational angular momenta fos H
A. The TSWP approach to  N(E) and OH which are coupled to foriy,. In the body-fixed
frame the orbital angular momentury, is represented as
(J—j12)? whered is the total angular momentum. In E@),
M is the mass of the system,

The transition state wave pack@iSWP approach to the
CRPN(E) was derived by Zhang and Lightfrom the well-
known formulation given by Miller and co-worket$,

(2m)? p=(pypops) ™, ®)
N(E)=——t S(E-H)F28(E-H)F,], (1) with g; (i=1-3) being the reduced masses fos, H, and
o the system,
where theF;’s are quantum flux operators at dividing sur-
facesi (which may or may not be the saine My my
M Ty
1 R . H H
F= 5 [8(4=00)Pq+ Pad(d—ao)]. @ N o
Moo=
Here u is the reduced mass of the systaqis the coordinate 2 my+mg
perpendicular to the dividing surfaceAIocatedqaqu which (My+ M) (My+ M)
separates products from reactants, ggds the momentum H3=

i i : my+my+my+mg
operator conjugate to the coordinagelt is well known that TR TR O

in one dimension the flux operator is of rank two with only a The mass-scaled coordinatgsare defined as
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by Mi for even and odd parities. As a resuts =1 yield the same
si=—R7, (10 value of N(¢,J,K,E) for K>0. Thus one has to calculate

H N(e,J,K>0E) for only one parity. The final CRP is the
whereR; (i=1-3) are the bond lengths forHOH, and the  sum of N(e,K,E),

intermolecular distance between the centers of mass,of H

and OH, respectively. N(E)=2 N(e,K,E)
In the body-fixed frame, coupled total angular momen- K.e
tum eigenfunctionsif,’g"f used to expand the TD wave func-
tion, are the eigenfuncton fat, j4, j,, j12, and the parity =D N(eK=0E)+2> N(e=1K,E). (17
operator’® 38 They are defined 4% € K>0
In order to construct the initial transition state wave
IM -1/2 2J+1 J K +\ i ; “ i
Yik <= (1+ 5ko) 8—[DKMlej2 packet|¢;") in Eq. (4), we define two new “reaction coor-
™ vz dinate” variablesy,; andqs by translating and rotating the
o K 1,41
+e(— 1)1tz Ipd i T, (1 ~ ands; axes; 0
. ' . 40 . i $1—S
whereDy, \, is the Wigner rotation matrif e is the parity of G :< CO_SX sin X) ! é) _ (19)
the systemK is the projection of total angular momentum ds —SIny COSx/\S3—S;3

. . K .
on the body-fixed axis, anu}ljz is the angular momentum |t can be seen from this equation that we first move the

eigenfunction ofj,, defined a origins of the §,, s3) coordinates tos{(f, sg), then we rotate
these two axes by the angie [These coordinates are analo-
Yil_zK:Z (Gamy s K—m1|j12K>yj m gous to collinear reaction coordinates for a triatomic
2y S H,+(OH) system]
' The Hamiltonian in Eq(7) can be written in term ofj;,
X (601,00, k-m,(02,0), 12 s, andq, as
andy;, are spherical harmonics. Note in Ed1) the restric- 2 2 5 .9 .2
tion e(— 1)I1tl2ti12"9=1 partitions the whole rotational ba- H= i _ (9__ ‘9__ (9_ I + 2
sis set into even and odd paritiesly for K=0, thus the 2pu\ 993 9s3 995 $1(01.05,50,89)% S5
basis set foK+#0 is larger than that foK=0.
. . . . i 2
The .|nteJ1KAaEcjuon. potentlgl matr!x in the angular37m0men- N I3 ) Iy (19
tum basisy3'€ is diagonal inK. It is calculated a¥’ S5(01,93,5%,52)2
(ny'\"EIVij],'\ff,>=2w5KKr<lej?K|V|YJ:§_2|,<>. (13) By choosing the dividing.s'urfacS_L atgq;=0, we can
vz I1)2 calculate the “internal” transition states for the other five

Thus we can see the potential matrix for even parity is idendegrees of freedom by solving for the eigenstates of the 5D
tical to that for odd parity foK#0. The centrifugal poten- Hamiltonian obtained by setting; =0 in Eq. (19). After
tial, i.e., the §—j,)2 term in the Hamiltonian shown in Eq. constructing the initial wave packets igy(,s;,d3. 61,62, ¢)
(7), which is not diagonal irK in the BF representation, is coordinates, we transfer them to th& {s,,S3. 61, 6,,¢) co-

given by3¢:37 ordinates, and propaga}te them as in the regulgr wave packet
™ i IMe approach. The calculation of the bound states in 5D has been
(ViK 13—-j1) |)}J'J’K’> presented in detail in Ref. 42, and the propagation of the 6D

_ o . w2 wave packet in the diatom-diatom coordinates has been
8 AL+ D Hfadazt 1) = 2K Sk shown in Ref. 3; thus we will not present them again here.
- }\;rK)\jJrlzK(l_l' ko) Y2817
. RESULTS

N3Nk (LF 8¢) Y28k _ 1k 14
akh gl k1) Ok-1r (14 A. Numerical parameters

and the quantitys is defined as The parameters used in the current study are based on

AMp=[A(A+1)—B(B+1)]*2 (15) those employed in Ref. 16. We useq a tota_l number of 37
o ) sine functiongamong them 16 for the interaction regjdor
Under the CS approximation, we neglect the coupling bethe translational coordinate; in a range of(2.8,11.q ay.

tween differentk in Eq. (14), and calculate the CRP for The number of vibrational basis functions used for the re-

individual K separately as agent OH is 2. A total of 20 vibrational functions are em-
ployed fors; in the range 0f0.4,3.§ a, for the reagents 5
N(E,K,E)ZJZK (2J+1)N(e,J,K,E). (16)  For the rotational basis, we US§@ma—=14 for Hy, jomax

=16 for OH. We find that &K=<9 convergedN(E) ad-
For K=0, the different basis sets for even and odd parityequately up to 0.5 eV. The values s? sg, and y which
result in different values oN(e,J,K=0E). However, for define the transition state surface were carefully chosen to be
K>0, the rotational basis set, the interaction potential ma3.2 ay, 0.6 a5, and 33° to minimize the density of states on
trix, as well as the centrifugal potential matrix are the samehe dividing surface.
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FIG. 1. Cumulative reaction probability(J=0,E) as a function of energy ®

on a logarithmic scale. Solid lingpresent resulys long-dashed lindRef.
16), dashed lingRef. 43.

N
(=]
T

In addition to the separation of even and odd parities as
stated in the previous section, the even and odd rotation
states of H are also can be separated. In the present study,
we calculated theN(E) only for the even rotation of H 0r
Because the rotation barrier for,Hn the transition state
region on the PES is quite high, the, ik constrained, re-
quiring a number of rotational basis functions of either sym- /
metry. Thus theN(E) for the odd rotational manifold of 4 O o 04 o5
should be very close to that for the even rotation manifold. E(eV)

For.K:O_S’ we propagated the wave packets for 9000FIG. 2. (@ Cumulative reaction probabilitN(J,K=0,E) (summed over
a_'u' of time to converge the low energMe,J,K,E). For th_e paritieg as a function of energy fa¥=0,5,10,14,18,21,24. Solid lind€S
higher K, because the low enerd(e,J, K>3 E) are negli- resuly, solid circles (J-shift result; (b) cumulative reaction probability
gible compared to the values given By=0—3, we can N(e=1J,K=2FE) as a function of energy fod=2,7,12,16,20,23. Solid
converge the non-negligibI(E) in the higher energy re- lines(CS resul, solid circles(J-shift resull
gion by propagating the wave packets for only 3600 a.u.
Even though the TSWP approach has been proven to be very

efficient for calculatingN(E) for direct reactions, the com- N thZeKsSlédEllr;es In Fig. |2 Sh&W;hQ(J’K:OI’E) Iant?]
putation is still extremely time-consuming even for this sim- (J=2K=2,F) for some values al. As is seen clearly, the

plest four-atom reaction. It used about 4 months of CPU timé]—dependent curves in F'g'. 2 are _sh|fted toyvard_hlgher en-
on a single SGI-R10000 processor! ergy roughly as a quadratic function of J, implying the J-
' shifting approximation should work here. We also found that

the higherJ curves for eactK, K=0—-9 can be well ap-

B. The CRP N(E) proximated by J-shifting from thBl(J=K,K=0-9) curve,
Figure 1 shows the highly convergét{J=0,K=0,E) as shown by the solid circles. The J-shifting values are ob-

with parities summed as a function of energy measured withained as

respect to the ground rovibrational state of reactants. It is

very interesting to see that the small peak at very low trans- Na-shiting(J> K. K, E)~N(J=K,K,E-AE(J.K)), (20

lational energy found in initial state selected total reactionwhere AE(J,K)=B"(J(J+1)—K(K+1)). The rotational

probability calculation by Zhang and Zhahpersists quite constantB' of 3.2 cm ! used for a best fit is very close to

clearly inN(J=0,K=0,E). This small resonant peak is most the a priori value of 3.3 cm?, obtained from 1/(2L3R§),

likely caused by the unphysical well on the WDSE PES aswvhere us is the reduced mass for the system in E%).and

discussed by Zhang and Zhang. Also shown in Fig. 1 are thR; is the intermolecular distance at the saddle point. From

CRP results calculated by Mantle¢ al*>**and that of our  Fig. 2 we can see the J-shifting approximation is very good

previous study in Ref. 16. For high energies, all three calcufor this reaction, and as we will see later J-shifting also

lations agree with each other quite well. However, for veryworks well for N(E) and the rate constant. We note that a

low energies our previous CRP in Ref. 16 obviously was notecent initial state selected wave packet study on the EN

well converged due to shorter propagation time. Our preseneaction also found that the J-shifting approximation works

CRP forJ=0 agrees well with that of Manthet al. except  very well for that reactior®

that they did not resolve the small peak presumably because One should note that we have used the calcul&tédl

the grid they used in normal mode coordinates did not extene-K,K) (K=0,9) to carry out the J-shifting to obtain the

to the unphysical well on the PE/$#4 N(J>K,K). However, the approximation used fre-

N(J,K=2,E)

Downloaded 10 Aug 2003 to 128.135.132.83. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp



J. Chem. Phys., Vol. 109, No. 1, 1 July 1998 Zhang, Light, and Lee 83

30

0.8 T T
(@)
20
2 2
f" @ 04
10 |
IR 0.25 0.35 045 %032 0.3 10.4/0.5
Few 10* T T T T

FIG. 3. Cumulative reaction probability(J=K=0,E) (summed over pari- (b)
ties) andN(e=1J=K,K,E) (1<K=<9) as a function of energy.
quently to evaluate the thermal rate constant frotJ 0 r ]
=0,K=0) actually involves both a K-shifting and J-shifting
approximation'®*43We refer to it here as J- and K-shifting 5
approximation to distinguish the J-shifting approximation £ ' [ 1
procedure we use here. For this reaction eaanotfit N(J
=K,K>0) curves in terms oN(J=0,K=0) curves by a .
simple energy shift. In Fig. 3, we show thHe(J=K,K) 0T l
curves forK=0—-9. First we found that we cannot fit the
K>0 curves from theKk=0 as well as we did for the J- ,
shifting. Even worse is the fact that we cannot fit the shifts % o5 o 02 03 0a 05
roughly as any quadratic function &f. Thus it is clear that E(eV)

for this I:eaCtlon’ th(_a _J-shn‘tmg gpprquaﬂon works quite FIG. 4. Cumulative reaction probability(K=0,E) (summed over paritigs
well, while the K-shifting approximation is not very accu- andn(e=1K,E) (0=<K=9) as a function of energya) Linear scalefb)
rate. logarithmic scale.

This can be understood from the Hamiltonian in EQ.
and the angular momentum basis set shown in(Ef). Un-
der the CS approximation, the variation &fonly changes

the value of the effective potential ternd(P+1)+j1o(j 12 K(T)=[27Q (T)]‘1J+wdE e E/keTN(E) (21)
+1)—2K?] in Hamiltonian. However, the main effect of the ' - ’

it ; ; e _9K?2
variation ofK is not in the[J(J+1)+]1x(jsp+1)~2K ] whereQ,(T) is the reactant partition functiogper unit vol-
term, but in changes of the angular momentum basis set dLﬂame

to the restrictiorj 1,=K in Eq. (11). Hence the effect dk on i

the dvnamics is much harder to predict than a simple eff FromN(E) shown in Fig. 5, we can evaluate the thermal
ne dynamics Is much harder to predict than a simple elecz, o -onqants via Edq21). Figure 6 and Table | show the
tive potential shift, and can be much stronger than Jhe

offect20 main results of this work: the rate constants for the title re-
C . o action for the temperature range 300<KT <800 K on the

3 9||5n [T\Ilg. _4’1 }2N>eosEholNNN(K_—_01,EK)>%ng N(Z_ ltE _és WDSE PES under the CS approximation. Also shown in Fig.

a 'ro) 'm;‘ts';ﬁ ’For K>)3_ (ee?j'd n'ot T 'tc)) légne;r ; 6 and Table | are the rate constant calculated from the J-

—plpKils EI i .'t is less tr’];\f] 0 (')1 We gan seeverg c(lgarl shifting N(E) shown in Fig. 5. For high temperatures, the

t;le’sh'ft 'of)NI( '_'1 K.E) cur els a.sK nCreases ?hg smally agreement between the CS result and the J-shifting result is
K Ih 'EI_:' ' 1 ut\'/II b ' tor th .f‘ t fow K essentially perfect; for 800 K, the difference is 2%. For

peaFis ?Wg mh \',8 th:nESI rr?nfegn vorr "e< Irzd eWri " low temperatures, the error is slightly larger, fo=300 K

ties Itglijsea er;ernooth( Cl),ll’\s/lé wifh ;)s?n;I sf?ouldpearlEr;lt the J-shifting result is smaller than the CS result by 10%.
. , . t .

—0.05 eV. Also shown in Fig. 5 is thaI(E) obtained by Tuning of theB* constant for the shifting should make the

J-shifting which is very close to the CS(E). This again agreement even better.

indicates the J-shifti imation | d for thi In Fig. 6 and Table I, we also show the rate constants
lc?or:ca €s he J-shitting approximation Is good for this reac-q - jated fromN(J=0,E) (shown in Fig. 1 by using the J-

and K-shifting approximatiofi®43

C. The rate constant _
Ky-shiting E)~[27Q(T)] Qi

Once one obtains the CRP as a function of energy,
N(E), the thermal rate constant is then simply given by its > J'w dE e EeTN(J=0E) (22)
Boltzmann average — 7
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FIG. 6. Rate constant of the,Ht OH — H,O-+H reaction. solid linépresent
CS resulty dashed line(present J-shifting valugsand long-dashed line
(present J- and K-shifting values.

it is within this accuracy for this diatom-diatom reaction.
Thus the J- and K-shifting approximation overestimates the
rate constant by at least 40% for the entire temperature re-
gion. Also the comparison among the CS result, the J-
shifting result, and the J- and K-shifting result shows very
clearly that the K-shifting approximation causes the major
part of the discrepancy between the J- and K-shifting rate
00 o1 02 03 oa 05 constant and the CS rate constant, since the J-shifting result
E(eV) is in very good agreement with the CS result.
FIG. 5. Cumulative reaction probability(E) for title reaction as a function Let us now compare our CS rate constants with experi-
of energy, solid line<CS result, dashed line&J-shifting result (a) Linear ~ mental valued® In Fig. 7, we can see the trend of rates of
scale;(b) logarithmic scale. our calculation is rather different from that of experiment.
For low temperatures the theoretical rates are higher than the
experimental values. For=300 K, the theoretical rate is
wherleot is the rotational partition function for the J@H higher than the experimental rate by 80%. However, the in-
complex and can be well approximated by the classical exerease of theoretical rate constant with temperature is signifi-
pression, cantly slower than that for experiment. As a result, for tem-
oF — \/W 23 peratures higher than_ 500 K, the theoreticql rate constant is
rot BT ATBIC lower than the experimental one. We believe that the CS
wherel%, 1%, and Ié are the three principle moments of approximation cannot introduce such a large error in rate
inertia for the HOH complex in the transition state geometry constant. Thus the discrepancy between theory and experi-
(On the WDSE PES);=4079 a.u.,|§=37520 a.u.,lé ment is probably due to inaccuracies in the potential energy
=41599 a.u. Since one only useN(J=0K=0,E) to cal- surface. An improvement of this surface appears to be nec-
culate the rate constant, one has to make shiftsJf@d- essary in order to obtain a quantitative description of the
shifting) as well as folK (K-shifting) to get the CRP for all  reaction.
the K and J. As we can see from Fig. 6 that the J- and Finally we compare our accurate rate constants with
K-shifting rate constants have the same trend as the CS rether theoretical results. Because the cumulative reaction
sult, but are consistently larger than the accurate rates by grobabilities forJ=0 by Manthe, Seideman, and Mill&t#4
factor of 1.6 for all the temperatures considered here. As weéy Wang and Bowmaff and by Pogrebnya, Echave, and
have mentioned in the Introduction, the CS approximation isClary*” are quite close to the present CRP Je¢ 0, their rate
within around 20%-25% of the accurate thermal rate coneonstants obtained by the J- and K-shifting approximation
stant for some atom-diatom reactions, and we would expechould be close to the present J- and K-shifting results. Thus

N(E)

TABLE |. Thermal rate constants(T) (10~ 4 cm®/s) as a function of temperature for the,HOH reaction.

T(K) 300 350 400 450 500 550 600 650 700 750 800
CS rate 120 244 453 766 120 176 245 325 417 517 624
J-shifting rate 1.08 226 424 726 115 171 240 321 416 520 63.2

J- and K-shifting rate 194 391 714 119 186 271 378 504 650 812 0991
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rate constant and the experimental results, indicating the PES
should be improved in order to obtain a truly quantitative
description of the reaction.

Our calculation also show that the J-shifting approxima-
tion in which we approximate th&l(J>K,K) by shifting
N(J=K,K) works very well for this reaction. On the other
hand, the J- and K-shifting approximation in which we cal-
culate the rate constant solely froM(E) (J=0) signifi-
cantly overestimates the rate constant, indicating the K-
shifting approximation is not good for this reaction. More
tests on other reactions are highly desirable to verify if this is
a general result for four-atom reactions. However, even if
only the J-shifting approximation is good, it still can reduce
the computational time by a factor of 5-10.

It is found that the full CS rate constant is quite signifi-

FIG. 7. Comparison of the present CS rate constant with the experimenté&anﬂy smaller than the rate constant calculated for ground
and other theoretical results. Solid circlescperimental values, Ref. 45

solid line (present CS resulisdot-dashed lingRef. 3, and dashed line stgte reagents OnlY' This implies that initial rotational exci-
(Ref. 32. tation of reagents is important to the thermal rate constant,

and that overall it reduces the thermal rate constant for this
reaction.

) ) ) Since the CS approximation has been never tested for
we do not show their results on Fig. 7. First, let us compareyy four-atom reaction, future study will need to address the
our CS rate constant with the initial state-specific rate CoNguestion of how accurate the CS approximation is for this
stants for H(»=0, j=0)+OH(»=0, j=0), Kground T)-2 Note  four-atom reaction. The CS approximation has also been ap-
that thekgroung here is slightly different from that shown inpjieq frequently in the initial state selected wave packet ap-
Ref. 3 by Zhang and Zhang, because here we used proach to calculate the total cross section and rate constant

Qg'ﬁC(T) =1+ e AEelec/kT for some initial states. Thus it will be extremely important to
(24)  carry out such a test.

N
)
T

tog(K(cm s})

—14 }

L L N '
1.5 2.0 25 3.0
1000/T [1/K]

with AEge=140 cm %,
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