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Quantum mechanical calculation is performed for tH®¢ HCI - OH + Cl reaction using Reactive Infinite

Order Sudden Approximation. Shifting approximation is also employed fo#t@@artial wave contributions.
Various dynamical quantities are calculated and compared with available experimental results and
quasiclassical trajectory results. Vibrational distributions agree well with experimental resydteduct

states mostly populated at= 3, 4 Our results also show small peakvat 0, which indicates bimodal
vibrational distribution. The results show two significant broad peaksl@pendence of the cross section, one

is aty = 19-35° and the another is gt= 55-75°which can be explained as steric effects. At smallehe
distribution is peaked only at higher state<( 3, 4) while at the largex, both lower statey{ = 0) and higher

state (: = 3, 4) are significantly populated. Such two competing contributions (smaller andyargsult in

the bimodal distribution. From these points we suggest two mechanisms underlying in current reaction system:
one is that reaction occurs in a direct way, while the another is that reaction occurs in a indirect way.

Keywords : RIOS, O{D), Vibrational state distributions, Rate constants.

Introduction energies are calculated to be negligibly small (less than 20
cal/mol). They also have come to conclusion that the
One of the important function of the ozone layer located irchannel (1b) is minor reaction path.
the stratosphere is that it shields earth from harmful solar Addison et al® performed an experiment aiming to
UV radiation! Various chemical reactions are undergoing indetermine the relative importance between channel (1a) and
this layer and the quantity of the ozone is preserving conflb). They pointed out that the CIO which was observed in
stant naturally through the auto-balanced production anthe earliest experimenfor the current reaction system is
depletion Therefore the ozone related research is of gregproduced through another reaction rather than through the
importance. reaction (1), and they further concluded the channel (1a) is
O(D) produced by photolysis from sOnitiates many  the only primary channel. Much later Wieeal>have given
important reactions, it reacts easily with many chemicallythe quantitative branching ratio between the three competing
stable substances in stratosphere and their products catalypiathways of reaction (1) at 297 K. Their results show that
cally destroy @layer! HCI, its chemical and photochemical while the channel (1a) is predominant pathway (67 + 10%),
stability makes it an ideal sink for the chemically activethe other two channels are not negligible (24 £5 for (1b), 95
chlorine, reacts with @D) very quickly and its products % for (1c)), especially the channel (1b) significantly contri-
form catalytic cycle for the consumption of @yer? Such  bute to the reaction (1). They also determined the overall
significant affect on @layer, stimulated extensive experi- rate of reaction (1) (1.50 +0:310° cnm?¥/molecule/sec)

mental works since the early years. which is in good agreement with that of Davidssral*®
O('D) is deactivated by HCVia three competing path- Recently energy specific branching ratios also have been
ways? reportec?® Balucaniet al® have given the lower limit of the

1 _ branching ratiog(ClO)/o(OH) = 0.34 +0.10 at collision
O(D) + HCl ~ OH + CL.AH = ~44 keal/mol (12) energy of 12.2 kcal/mol, and Matsuetial? obtained 0.24 +
O(*D) + HCI - H + CIO,AH = -6 kcal/mol (1b)  0.06 at 7.6 kcal/mol. Both of them are in good accord with
1 _ the previous resulk(OCI)/k(OH) = 0.36 + 0.10 at 297 K.
O(D) + HCI -~ O(P) + HCl.AH =-45 keal/imol (1) They also have found strong isotope effect on the channel
Davidsonet al? first measured the total rate constant for thebranching ratio in their experiment substituting the hydrogen
deactivation of D) by HCI at 298 K, (1.4(x 40-50%% H to its isotope D in the reaction (19(ClO)/o(OD) =
10%m*/molecule/sec). In subsequent woike temper- 0.09 +0.02 at 7.7 kcal/mol).
ature dependence of the rate constants was measured withParallel with these experiments related to the branching
more accuracy, and the authors found the rate constant iatio or rate constant measurements, experimehtg!?
nearly constant (1.3-1.5(x 30%)L0°m*molecule/sec) over related to the various product distribution-PRD (Product
the temperature range (199-379 K), Arrhenius activatiorRotational Distribution), PVD (Product Vibrational Distri-
butiony"*%and PAD (Product Angular Distributidtifare
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studies are concerned with the channel (1a). These kinds ekperimental results very nicely, while the PVD shows less
experiments are more helpful for getting insight into theexcitation in contrast to the later experimer€n account
dynamics of the reaction. These experiments really havef the inaccurate potential feature for the channel (1b) the
provided abundant dynamical information, and the reactiorbranching ratico(CIO)/o(OH) is too much underestimated.
mechanism was extensively discussed by the authors. Basto contrast to the recent measured PARhich displays
et al®first demonstrated qualitatively in their flash photo- favoring in backward scattering, Schinke's result shows
lysis-kinetic absorption experiment that OH is producedslight preference for forward scattering. Schinke finally has
with considerable vibrational excitation. Much later Ldftz come to the conclusion that the reaction is predominantly
measured the OH internal state distribution. They reporteéhsertion type and abstraction is negligible. Ryneéral 16
highly inverted rotational distribution for OM'£0) and OH  have successfully simulated non-statistical experimental
(v=1) and also reported the vibrational population ratiorotational distribution’$ using their statistical algorithm, but
P\'=1)/P{’=0)=1.5. Kruuset al®> have obtained highly failed to simulate the vibrational distributions. Very recently
inverted OH vibrational distributiow;=3, 4 are found to be two more QC studié$'® have done using new PESs. Lagan
the maximally populated levels whilé=1 andv'=2 levels et all’have set up PES which has the correction asymptotic
are nearly not populated. The populationded can not be limits for both channels of (1a) and (1b) from the limited
measured with their experimental method. They also havformation!®2 Their QC calculation on this PES has
obtained very small vibrational distribution of HCI which obtained reasonable branching ratios and PAD. The rate
produced through the channel (1c). Patkal!! also have constants are several times smaller than the experimental
obtained excited ro-vibrational distributions. Their rotationalresults and PAD is poor agreement with experiments, poorer
states are inverted almost up to the exothermicity and vibthan the previous QC studfy. Hernadezet al'® have
rational states are also highly excited, peaking=, agree calculate a newab initio PES and fitted to analytic form. QC
quite well with the PVD of Kruugt al? Balucaniet al® calculation have done on this PES and successfully well all
have given the PAD for the CIO product of the reaction (1b)the available experimental results except for the PVD.
and very recently Alexandet al'?> have measured the PAD  So far, there is no quantum mechanical study performed
of OH (v=4, N=6) product of the reaction (1a). Although the for current reaction system, in spite of the fact that in this
two PADs are for two different channels, their features argeaction system, the quantum mechanical effects may play
similari.e. almost backward-forward symmetric, with back- essential role, because it is a light atom transfer reaction and
ward scattering being favored. They found that the PAD igshe PES possesses a deep potential well. There are several
shifting from the backward towards the forward hemisphergeasons that prohibit the quantum mechanical study for this
while the energy is increased. They have also measured tlsgstem. One is that the larger exothermicity and deep
energy dependent relative cross sections. The cross sectiopstential well of current reaction system opens numerous ro-
are shown to be monotonically decreasing with the energy. vibration channels which is one of the main factor that
Most of the authors of those experiméitsuggested the burden the calculation. Another one is that this reaction is a
dominance of the insertion type of reaction mechanism foheavy atom reaction and the potential has long range part,
the reaction channel (1a) from various points of viesy,  and for such reaction one has to calculate many partial wave
O(*D) first inserts into HCI\(ia ground*A' surface) to form  contribution in order to get converged cross sections.
highly excited HOCI complex. This complex then sub- Another very difficult problem is that the current reaction
sequently breaks into the product pieces. The recent steresystem is not a collinear dominated system, and for such
dynamic stud}? also emphasized the role played by the absystem, it is hard to apply approximate quantum theories.
straction mechanism while they still agree on the dominanQuantum mechanical description for such reaction is major
role played by the insertion reaction. In spite of theunsolved problem in chemical dynamits.
formation of the complex, the product have shown the non- Reactive Infinite Order Sudden Approximation (RIOSA)
statistical highly inverted internal state distributions. Thisis one of the most important and widely used approximation
contribution is explained by those authors that the lifetime otheory in reactive collisions with very economic computa-
the complex is not long enough so that the complex fragtion. Since this theory proposed by several grdufit has
ments before energy is equipartitioned. Concerning with thdeen successfully applied to various atom-diatom reaction
channel (1b) Matsumet al® suggested from the isotope systen?®>**In this work we have employed RIOS to study
effects that the reaction is dominated by the abstractionshe current reaction system quantum mechanically using
while Balucaniet al? suggested from the PAD that although Schinke's PE&! The applicability of RIOS to such non-
significant part of reaction is due to the abstraction, thecollinear reaction is not clear, therefore current study might
contribution from insertion type of reaction can not be ruledgive some answer about the validity of the RIOSA for such

out. an non-collinear HLH reaction system.
When experiments are done, it is alway desirable that
theoretical study explain the measured results reasonably. Theory

Schinké* has performed quasi-classical (QC) calculation on
the adiabatic potential energy surface (PES) which is fitted Several versions exist within the RIOSA theSrgmong
from the ab initio data® This study reproduced Lunt?s them thd-initial (I-in)version is the simplest one. In thim
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RIOSA, the state to state cross section for A +\BGQj
AB(w, alljs) + C reaction is simply given Bp2353643

i . _ It .
o(ji,Vi » W, Er)= ) \Zli,ji% 2+ l)J'Zdyismyi

P.(Jivi - Viivi By) 2)
where

P.(jivi - ViV Er) =S5V - VivuEl)|” ()

is the reaction probability fol; partial wave, andS
(Ji,vi » Vvi;¥i,Ey) is the corresponding scatterings the
angles as shown in Figure Kxiji
incoming channel ands, = h k\z,iji/2uA,Bc (Uapc is the
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ration space of the reaction system is separated into two
parts -they fixed part and the fixed part, then one problem
arises as to how and where to match the two parts of
configuration spaces. Generally there exist two kinds of
method of matching discussed so far. In one method, the two
angles § and ) are completely independent and for any
pair of y andy, the matching line is naturally defined corre-
spondingly, this is called two-angle dependent RIGESA4042

In another method, two angles are one-to-one corrdlated

for any choseny, y is uniquely defined. In this case a
matching line should be imposed artificially. The first
method is computationally much more expensive than the
second one, therefore it is seldom used in practical quantum

is the wave number ofnechanical RIOSA calculation. The second method is the

mostly used one in practical applications. Our current work

reduced mass of atom A and molecule BC) is the initialalso employed the second method.
relative translational energy. In order to obtain the scattering In case of two angles correlated one-to-one, additional
matrix, the following collinear-like partial differential equa- matching line should be imposed. This line is usually defin-

tion* should be solved numerically in each channel
hZDaz 625 ho-y A :|
- + + + V' (R, I, X(Ry, 1,
= Ex(R., W) 4)
whereA (=i, f) denotes the reaction channel andR,, r, is
defined by

1
:[I myMgMc []2

H Ch, + mg + med (5a)

R, =R, r=by'm (5b)
1 1

gl gl

where R, , '
distance forA (=1, f) channel as depicted in Figurepkc,

ed as
re=Bisr; (6)

where theB; is the matching coefficient. The matching in
RIOSA theory is intrinsically different from the accurate
theory where the matching does not affect the final results in
principle. It does only affect the efficiency of the calculation.
In case of RIOSA the different matching results in different
effective hamiltonian, and subsequently affects the final
results directly. Therefore the matching coefficBnshould

be chosen carefully. For the symmetric reaction system like
H + H, reactionB;; could be reasonably taken to be 1. Butin
case of general non-symmetric reaction systems, there has
not yet convincing theoretical guide for the unambiguous
determination of the matching coefficiddt. Nakamuraet
al.**have proposed a reasonable method of determining the
Bi. The values oB; varying with y taking attention to the

are the atom-diatom distance and diatomimportant role of potential ridge in reaction. With the

matching equation defined by eq. (6),is determined
uniquely by

Uag are the reduced massesAds,BC diatoms respectively.
va (A =i, f) are the angles as depicted in Figure 1, (and) they
enter into eqg. (4) as parameters rather than as variables by
RIOSA assumptioni.e. both angles are fixed in each
channels. i is fixed for reactant ang is fixed for product

channel) With such RIOSA assumption, the whole configuWheref is the collinear skew angle, aogis the matching
angle from the axis dR in theR-R; skewed coordinatee.

the angle betweeR axis and matching line, they are given
by25,35,36,42,43

COS/i _(1 - Bﬁ)tam i COthi

CoSyf = — (7)
By[1+ (1-B)tarfa,]™”

B = tan*(me/L) (8)

12

_ siny[-cospcosy, + (Bj —sin’y,cosBy) ]
| B —COS By,

Similarly, ar is the matching angle from the axisRafand is
given by

tana (9)

B C

Figure 1. Jocobian coordinates of A + BC system.

B;tana;
tanas =

f= 2 2 (10)
[1+(1-Bg)tana;]

1/2
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Then the non-collinear skew angle is givef®by Once the cross sections at many energies are obtained, rate
constants are also can be calculated using the edtiation
Bu(w) = (@, + 1) an g the edt
Now the only parameter to be determined islthand this K(ji,vi - v;T) = leEh 8 K Tg
can be naturally determined by the requirement of continuity 8| TTHascKe
of the hamiltoniart®*! so the centrifugal potential should be o ElkgT . _
conserved along the matching fh&-*3.e. J, dEEe " a(ivi ~ ViE) (18)

(i +1) _ (I + 1)
R R?
and using the following equality at the matching¥ne

(12) wherekg is the Boltzmann constant afds the temperature.

Numerical Method and Matching Coefficient

R _ri(ri/R) _ tana; (13) A. Numerical method In order to obtain the state-to-state
R~ ri(r/R) ~ "tanog reaction probability and cross section in RIOSA we should
thel: is then determined solve the collinear-like two dimensional differential equation
f . . . .
Although RIOSA greatly reduced the computer time Iargeglven by ed. (4). This can be dongg %ccurately using ;everal
amount of computation is still needed usually, especially for o .erlcal methodﬁ-matnx metho . proveq to be quite
heavy atom reaction svstems in order to get the conver e(%rnment and numerically stable. It is especially favourable
VY ator Y 9 Ver9&%hen one needs to calculate reaction probability at many
cross sections. One has to calculate hundreds of partial Wave oo
contributions, this means one must repeat hundreds of In gase; of reactive scattering, the efficiency of the numeri-
numerical calculations of partial differential equation (4), 9 y

X : cal solution for the partial differential equation also largely
and such a calculation should be performed several times fg : : .
epends upon the suitable choice of coordinate system.

o R
severiﬂ AChqsery.angIes. Slj|ft|ng approximatitt . (or . Since Kuppermafi imposed hyperspherical coordinate into
CCPA¥#) is quite useful in such a case. With this . ) : . o .
L _ . o chemical reaction scattering calculations, it is widely used in
approximation onlyf = 0 partial wave calculation is needed. . : ;
L . . various reaction systefd,and it became one of the most
The contributions of #0 partial waves are approximated : . . :
_ 447 advantageous coordinate. This coordinate system is not only
froml =0 a$ ) - ;
numerically efficient but also very helpful for the analysis of
P.(isvi = VY Ee) =Pi=o(ii Vi - v, En—B'li(1; + 1)) reaction mechanism by plotting the vibrationally adiabatic
(14) potential (VAP}' curves as a function of hyperradius.
Nakamuraet al*® have proposed to impose hypershperical

where coordinate to RIOSA, and such a method is employed here.
he In our numerical treatment, we employed the hyperspherical

B'=B'(y) = ) (15) coordinate in the interaction region and it is transformed to

2uR' Jacobian coordinate at near asymptotic region (large hyper-

radius). R-matrix method is also employed to obtain the
scattering matrix.

R-matrix is propagated along the sectors which are divided
along the hyperradius, starting from small enough hyper-
radius (where potential energy is high enough). In each
sectors, local vibrational bound states (for the vibrational
+ along the hyperangle with fixed hyperradius) obtained
B'(v) numerically by finite difference method are employed as the
JJE" dEP, - o(jiVi - Viiying) (16) b_asis_sets for the expansi_on of the Wa_vefunction. _Total 30
0 =M T vibrational channels are included. This number is large
enough to cover all the open channels for any chgsen

Cross section given in eq. (2) could further be expresséd asangles at least, and also includes quite number of closed

R' = R'(y,) is a representative value which are usually
chosen to be at transition st&t® or on potential ridge
line**4" Additionally using the following approximate
equality**4’

> 2+ )P (Vi - ViYLEr) = 1

oV - VeEy) = T r _ siny; channels. In order to check the convergence with respect to
P A 2k2,Jo "TBl(y) the channel number, we have compared the results of em-
" ployed 30 vibrational channels with the results of employing
Ji" deP.i:o(ji,vi - Vi Yi,€E) a7 less number of vibrational channels for several chgsen

angles, and we have found that the differences are not
Thus the shifting approximation transformed the work forsignificant, especially the total reaction probability and cross
the summation of many partial wave contribution into thesections. Vibrational distributions have only negligible
work for the integration over the energy, only one partialchanges.
wave contribution at several energies should be calculated. The shifting positionrR" is chosen to be on the matching
This save computer time greatly. line and such @ (hyperradius) where the potential along the
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hyperangle (for fixed hyperradius) changes from double
well to single well, as suggested by Pak al*’ The
integration ovely in eq. (2) is performed using the gaussian
guadrature method. We have taken 10 gaussian quadratt
points for the integration over [072] and the integration
over [r72,7 is neglected. The integration over the
translational energy in eq. 917) is performed using simple
extended trapezoidal method with step gize= 0.5 kcal/ , _ ) L
mol. Figure 3. Jocobian coordinates of.A + BC system. It is given in
. - . . . order to illustrate the problem during making coutour figures like

B. Matching coefficient As already mentioned in section rjgre 2.
2, the matching coefficienB; can not be taken arbitrarily.
For a general nonsymmetric reaction systems, reasonablery close to the atom C (because of heavy mass of atom C).
value ofB; should be determined by carefully investigating In this countour figure a line passing through the origin
the PES topography. Nakamuea al*® have proposed an will determine the matching line in RIOSA theory, the slope
iterational method of determining ttBa. In this paper we of this line will be the matching coefficieBt. In Figure 2,
introduced a new method to determine jraependenBs. four lines are drawn, line-4 representing the minimum

Making contour figure as a function fandr; for fixed y limitation of the matching line, its slope is givenBiymin) =
we can reasonably determine the valueBgfat least the siny cosf3;,* B; can not be smaller than this value.
reasonable range & can be determined from such figure, Observing the PES topography, we could find in the upper
within that range the final calculated results are expected tpart of line-1, PES shows reactant-like shape and when goes
slightly depend on the value Bf. down PES topography changes significantly and after line-3

Figure 2 is such kind of figure fgr= 32.89. Because the PES begin to show product-like topography. Therefore it's
y is fixed, this figure does not represent full configurationreasonable to consider that the switching between two
space of the reaction system, but only represents half pachannels occurred in the region between line-1 and line-3.
(reactant and part of interaction) of the full configuration Among the lines between line-1 and line-3 the line-2 follows
space, and another half part will be provided bylised well the potential ridge, so we have chosen line-2 as the
configuration space. In making such figures one problemmatching line in our calculation. Its slope can be obtained
arises because for a fixgg ther; andr; do not always directly from the figure. Although we have preferably taken
uniquely determine the three internuclear distances so thie-2 which follows well the ridge line we think any lines
PES will not be uniquely defined. As shown in Figure 3,between line 1 and 3 also might be good candidate for the
whenr; <x two different positions are possible for atom A matching line and we're expecting that if only matching line
(A andA") for a single pair of, r; value. We have taken only
the outer position (A), because the inner positihwill be

o('D,) + HCl — OH + Cl

=32.80":B.=1.0
o(D,) + HCl — OH + Cl (v,= 32.89":B; = 1.0)

(v,=32.89") 4t
41
1
2 3 '
= |
< )
3t 3 2
L“_
4 2r
£
g 2f
= 1k E—
1 -
1 1 1 1
% 1 2 3 4
0 . . . ‘ . ﬁ(bohn
0 1 2 3 4 ) ) )
I (bohr) Figure 4. Potential contour of @) + HCI system as a functiori o

reduce mass Jocobian coordinatesandry with y (y = 32.89)
Figure 2. Potential contour of @) + HCI system as a functiofi o being fixed in the reactant channe{,which is determined by
reduce mass Jocobian coordinatesand rr with y (y = 32.89) matching coefficientBs = 1, being fixed in the product channel.
being fixed. The line labeled by 1, 2, 3, 4 are described in the text.The straight line indicates the matching line.
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Figure 6. The total reaction cross sections as a function of collision

0 , , l , L . energy for O(D) + HCI(v = 0) — OH + Cl. Solid line is current
0 1 2 3 4 5 6 7 RIOSA and dotted line is the QCT from Ref. 14.

ﬁ(bohn

Figure 5. Same as Fig. for H +#$ystem withy = 8C.

lies in that region the final results will not be much
dependent on the value Bf.

Once theB; determined, thep is also determined by eq. 1.6F
(7) and we can also make contour figure for fiyeds a  ~ 1.4}
function ofr; andr;. Putting this figure together with the § 121
upper part of the matching line - line 2 of Figure 2, it shows f

>

1.8F

>
g X 1.0t
the full PES as shown in Figure 4. Figure 4 shows very °
o 08

smooth topography all over the region.
In order to show the effectiveness of the above method fc = 0.6
the determination oB;, we applied this method to the H + © oal.s

H, — H; + H reaction system in which tiig is naturally o2 |

determined to be equal to 1, to see if this method really give | , ‘ L

By = 1 result. As is shown in Figure 5 (fpr= 80), the line-1 0 2 4 5 8 10 12 14 16 18 20
which is the best choice for the matching line in this contoul E, (kcal/mol)

figure exactly gives the slope to be 1. If we combine theF 2 The vibrational State to stat i i
Igure € viprational state to state reaction Cross sec IOI’IS as a
above method with the iterational method proposed b\functlon of collision energy for @D) + HCI(v; = 0) — OH(w =

Nakamuraet al,*® it will be more efficient and reasonable 6) + Cl calculated using RIOSA.
for the determination of matching coefficients.

Results and Discussion results at low energies. The larger differences in cross
section value at low energies is probably because of the less
A. y averaged cross section and rate constarih this  accuracy of RIOSA at low energy.
section we have given theaveraged cross sections and rate It may be more meaningful to observe the shape of the
constants calculated by us and these are compared with tharve of cross sections as a function of energy rather than
Schinke's QC cross sectidhsand experimental rate con- their absolute value. Our result shows that the cross sections
stants> Although recent Q&8 results are available we did increase at the low energy region and then become nearly
not make comparison with them, because the PES we hawedependent of the energy at larger energy region, while in
employed are different from them. QC results that the cross sections are monotonically
The y averaged total cross sections and corresponding Q@ecreasing at lower energy region and also become nearly
results* are compared in Figure 6. Theaveraged state-to- independent of energy at larger energy region. These
state cross sections are also given in Figure 7. As shown lvehaviours indicate that the RIOSA is giving reasonable
Figure 6, our results underestimate the cross sectiongsults at least for higher energies.
compared with the QC cross sections. Our results are smallerThe state-to-state cross sections show similar behaviour as
about by 3 or 4 times than the QC counterpart at largethat of total cross sections. The-04 and 0- 3 transitions
energies, and are too small (about one order) than the Q&e dominant over whole region of energy, the-05
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transition increases quickly after its threshold energy anc Rate constants
become thirdly dominant transition. The-04 cross section 10-9 ¢
shows slightly decreasing behaviour at larger energy, it ir T iﬁ?:”’::(”‘
good agreement (at high energy region) with recent cros—~ Al
section measuremetitAlthough deep well persists in 3 3
. w

current reaction system, both total and state-to-state cro:- 2
sections show no clear resonance feature. § T -

Using these cross sections rate constants are also calc 3 N

lated in broad range of temperature. Table 1. has compare £ é [
the calculated rate constants and the experimental ra § i
constants.Because the original experimental rate constants < ,
given in Ref. 5 are for the total deactivation of)( these
are multiplied by the branching ratio, 0.67 (67%)order to 10-11 1 1 s . . .
obtain the rate constants for the channel (1a). The calculate 253085 a0 a5 8055
rates are smaller by 6-10 times than the experimental one. 1000/T(K)
order to compare these two rates in the same scale tlFigure 8. Semilog plot of reaction rate constants as a function o
calculated rates are multiplied by 6.7 and also given in tha000/T for the reaction. Experimental restiétad scaled RIOSA.
Table. The semilog plot for both experimental and calculateu
rates (scaled) are depicted in Figure 8, the lines in the figure It is encouraging that our results give the same order of
are made by linear curve fitting. cross sections and similar behaviour of energy dependence
Their temperature dependence are in fairly good agreesf cross sections at high energy and also in fairly good
ment, although noticeable discrepancy eiéstthe line for  agreement of temperature dependence of rate constants with
the calculated one is slightly sloped while the line for thethe experiment, in spite of the fact that we have taken
experimental one is nearly not sloped. This indicates that theonsiderable approximations. These points partially support
RIOSA calculation predicts some small but not negligiblethe success of RIOSA for the description of current reaction
activation energy while the experiment predicts negligiblesystem, it will be very worthwhile to perform furtherly the
activation energy. We think this discrepancy might possiblyaccurate partial wave summation calculation within the
results both from the shortcomings of the PES we hav&IOSA. These works are currently under process.
employed and from the shortcomings of the approximation B. y dependent state-to-staté = 0 reaction probability
theory we have applied. and cross sectionsIn this section we provide the more
detailed quantities, thg dependent= 0 state-to-state reac-
tion probability and cross sections. This will help us get

Table 1. Rate constants (18 cnmolecule’sec’) more insight into the reaction mechanisp.dependent
T (K) k (this work} 6.7 x k (this work) k (expf reaction probability is given by eq. (3), apddependent
199 0.094 0.63 0.94 Cross section is given
213 0.10 0.67 1.0 . T
223 0.11 0.74 1.0 o(iinvi = ViEew) =, 3 (2i+1)
230 0.11 0.74 0.87 Vil i
233 0.11 0.74 0.94 P.(Ji:vi > ViiYi,Ey) (19a)
250 0.12 0.80 -
253 0.12 0.80 0.94 if applying shifting approximation
262 0.12 0.80 0.87
273 0.13 0.87 0.94 iV o VeEnLy) =
291 0.14 0.94 1.0 ol (EeW) 2k B'(v)
292 0.14 0.94 0.94 a ]
293 0.14 0.94 0.94 o deP_ (Vi - ViVi.E) (19b)
298 0.14 0.94 --
300 0.14 0.94 0.94 We presented the results for three chogeangles,y =
314 0.15 1.0 0.94 9.27, 32.89 and 64.83, as shown in Figure 9a(b), Figure
328 0.15 1.0 1.0 10a(b), Figure 11a(b). They show quite different behaviours
337 0.16 11 0.94 for each differeny, indicating strong steric effect which will
354 0.16 11 0.94 be discussed in the next section in detail. The energy
355 0.16 11 0.94 dependence of reaction probabilities are more and more
379 017 1.1 1.0 structured with the increase pfwhile the cross sections are

always smoothly changing with the change of energy.
2Initial vibrational state specifiedvi(=0), final state summed rates. Y y ging 9 gy

®Obtained by multiplying 0.67 (Ref. 5) in order to get the rates for the At n_ear _CO”inea_r app_roacly(,: 9.27, reaction probability
reaction channel (1a). is rapidly increasing with the energy from very small value
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Figure 9. (a) The angle dependent vibrational state to state anéfigure 10. (a) Same as Figure 9a. jat= 32.89 with |; = 0. (b)
total reaction probabilities as a function of collision energy at ~ Same as Figure 9b. at= 32.89 with the shifting approximation.
9.27with |; = 0. (b) The angle dependent vibrational state to state

and total reaction cross sections as a function of collision energy &rrangement of current reaction system although we have
¥ = 9.27with the shifting approximation. not presented here. However we think in case of non-
collinear arrangement§/ # 0) kinematics play only minor
of probability at low energy, and also seem to show regularole in current reaction system, this can be derived from the
oscillations with negligibly small amplitude. At the larger negligibly small oscillatory behavior for the near collinear
angle,y =32.89, the reaction probability is very large at low arrangement,y = 9.27, it seems to indicate that the
energy and increases with the energy accompanying strorignematic effect almost disappears if only the system
oscillation. They increase and oscillate until the magnitudeleviates slightly from the collinear arrangement.
of the reaction probability nearly equal to 1, since then, the The PES we employed has the largest barrier at the
oscillation disappears and reaction probability no morecollinear arrangement and this barrier is lowering with the
changes preserving quite high value of probability ( 1). Atincrease ofs'* Among the three angles we have chogen,
y = 64.82, the oscillation is much stronger than the other=9.27 configuration has the largest barrier and much lower-
two angles with nearly constant (slightly decreasing) anded barrier ay = 32.89 while no barrier exists for thg =
high value of average reaction probability ( 0.9). 64.8T configuration, these features are probably responsible
These different behaviors of the magnitude of reactiorfor the rapid increase, slow increase, nearly constant (slightly
probability and the extent of oscillation along with the decreasing) average reaction probability with the energy for
energy for differenty are probably mainly due to the PES each y. The oscillatory feature is probably due to the
topography. The kinematics also might contribute to theresonances, and this feature is closely related to the PES
oscillatory behaviors, the oscillatory behavior of thetopography. At near collinear configuration, the VAP is quite
collinear Heavy-Light-Heavy system is well known, and in repulsive and no potential well exists in the VAP curves, and
fact the evident regular oscillation is found for the collinearat largery there begin to appear the potential well in the
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VAP curves and the larger thethe deeper the well. This is probability is oscillating quite regularly with short period,
because of the bent configuration structure of the deepnd different partial wave probabilities will be peaked at

potential welt* of the reaction system. Larggrapproach

shifted position, so the peaks and dips could cancel out each

will allow passing through the deeper part of the potentiabther. Moreover because of the heavy reduced mass, this
well. At largery, almost all the VAP curves corresponding shifting is expected to be quite small, (from the point of view
to each vibrational channels possess deep wells. These wetl§ shifting approximation) this lets the ‘cancel out’ be
could support large number of bound and quasi-bound stategorking in a continuous way.

in the interaction region and this inevitably leads to the The small peak near 3.5 kcal/mol found in Figure 11b is
strong resonance feature for the reaction probability. Furthedue to the irregular oscillation of the reaction probability in
detailed analyses such as Argand diagram method is needtgt energy region as shown in Figure 1&athe sharp peak

to confirm whether these oscillations are really due to thef the reaction probability at this energy is followed by a
resonances or just the ordinary feature of the Heavy-Lightexceptionally large dip at about 4.5 kcal/mol as shown in

Heavy reaction systems.

Figure 11a. In order to understand the dip nature in Figure

In spite of the strong oscillatory feature in the reactionlla and the smoothness of the cross sections in Figure 11b,
probability for largery, the cross section is showing quite more accurate quantum mechanical calculation with accurate
smooth behaviour. This is because oscillation is averageBES should be required.
out in the calculation of the cross section. Although in this C. Steric effects Steric effect is described by the steric
work we employed shifting approximation for the calculationfactor which is defined by the: dependent total cross
of the cross sections we think that even in the more accurasection given by
partial wave summation calculation the cross sections may

not necessarily show significant peaks, because reaction
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Figure 11 (a) Same as Figure 9ayat 64.82with |; = 0. (b) Same

as Figure 9b. gt = 64.82with the shifting approximation.

a(jiViiEu¥) = 2 0V ~ Vi B i) (20)

V¢
whereo(j;,v; - Vi;E,,Y;) is thes dependent state-to-state
cross section given by eq. (19).

The steric factors for several chosen energies are shown
together in Figure 12. These figures show strong steric effect.
Two significant broad peaks are the most conspicuous, and a
small peak is also found near®9¥ery similar steric factor
curves are found for He +;Hand Ar + H* systems by Baer
and Nakamur@ The PES of the two systems are nearly
independent to thg angles, so Baer and Nakamura explain-
ed the quite structured steric factors are mainly due to the
kinematic effects. In case of current reaction system, the
feature of steric factors are determined both by kinematics
and PES. The small value at small angles are due to the
relatively larger barrier, and the minimum at abgaipprox
45 is probably due to the kinematic effect, because at this
angle the barrier disappears.
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Figure 12 The steric factor curves as a functionyofor several
chosen collision energies.
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At the larger energy, the steric factors are weakly dependent These two quite different features of vibrational distributions
on the energy both in their qualitative and quantitativein each region divided by the boundary angle indicate the
features. However they show some changes with the energgaction undergoes through different type of mechanisms.
These changes are more significant at low energy. Th&/e think the reactions with the angles smaller than the
absolute magnitude of the cross sections are showing steabbpundary angle are occurring more directly and the reactions
increase and the two broad peaks are slightly shifting to thesith the angles larger than the boundary angle are occurring
smaller angles with the increase of the energy, and the crossore indirectly. Thus we considered the reaction mechanisms
sections are rapidly increasing at small angles (near collineai terms of ‘direct’ and ‘indirect’ instead of ‘abstraction’ and
with the energy. This feature implies that abstraction type ofinsertion’. Although the abstraction type of reactions
reaction will take more and more important role in thealways take place directly, the insertion type of reactions
reaction dynamics while energy is increasing. might take place either indirectly or directly depending upon

Generally, the reaction mechanisms are divided into twavhether the lifetimes of the intermediate complexes formed
types. One is the abstraction type, in which the reaction occurduring the reaction are long enough to allow the energy to be
directly without formation of the intermediate complexes, fully equipartitioned or not before breaking into the product
and another one is the insertion type, in which the reactiopieces.
occurs less directly with the formation of some lifetime of From the both features, the relations of vibrational distri-
intermediate complexes during the reaction. These two typdsution with the angle and the two broad peaks in the steric
of mechanisms lead to different dynamical appearancedactor curves, we can conclude both types of reaction
However there is no rigorous definition for this two types of mechanisms (direct and indirect) are equally important in
reaction mechanisms. In the current RIOSA study, we magurrent reaction system.
define the types of the reaction according to the angthe D. Vibrational distribution . As shown in the previous
reaction approached. As already mentioned, the larger angteection, strong steric effects are present in current reaction
will allow the reaction system to pass through the deepesystem. These steric effects are also reflected inythe
part of the potential well, so it favors the formation of longerdependent vibrational distributions. The two broad large
lifetime of complexes. Therefore for the larger angle appropeaks shown in the steric factor curves are very important
aches the reaction will occur more indirectly, so it may befor the overall feature of the vibrational distribution, because
grouped into the insertion type of reaction, and for the smallethe largest contribution to the cross sections mainly comes
angle approaches the reaction will occur more directly, ifrom this two peaks. Therefore we have sampled one angle
may be grouped into the abstraction type of reaction. (32.89) at the first peak, and two angles (64.84d 73.59

However it's ambiguous where to define the boundaryat the second peak to discuss théependent vibrational
angle at which the two different types of reactions aredistributions. Another small angle (9%7s also chosen
separated. In this paper, instead of defining the boundarglthough this angle has only small contribution to the cross
angle at which the abstraction type and insertion type ofection, to see the vibrational distribution for quasicollinear
reaction are strictly separated, we would rather define aapproach in this case the reaction probably oceiarsb-
angle from the point of view of vibrational distribution as straction.
discussed in the following section. We define such an angle Although the yi dependent vibrational distributions are
so that thes dependent vibrational distributions are showing
two noticeably different types of features in each region of
the angles separated by the boundary angle, and within ea .
region they dependent vibrational distributions will not be 0.9 | N
much dependent on the

We think this angle could be roughly choserydtl 40
which lies between the two broad peaks in the steric factc 0.7 |
curves. Such choice is making sense if we consider th
vibrational distributions at both sides of this angle. As will
be shown in the next section, the vibrational distributions — 0.5 |
show quite different features at both sides of this angle g~
while within each side the vibrational distributions are not
changing significantly with the angles. At the angles less 0.3
than y M 4, the vibrational distributions show highly
excited vibrational distribution, only:= 3,4 states are
significantly populated with no population on the other o1 |
vibrational states. And at the angles larger thameq 40,
the vibrational distributions begin to show much relaxed
distribution i.e. significant distributions appear for low

vibrational statesy;=0, 1, 2 and consequently show the Figure 13 Angle dependent vibrational distribution for several
bimodal distributions. choseny angles, at collision energy 2.5 kcal/mol.

(E, = 2.5 kcal/mol)
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Figure 14. Same as Figure 13. at collision energy 10.0 kcal/mol.

Figure 15 Vibrational distribution for several chosen collision
energies. These results are compared with ‘&1 Experimental

provided only for the four angles, the distributions for theresult§,11

other angles are very similar to one of these four angles w
have chosen. For those angles at the first peak, the distri-
butions are very similar to that gf= 32.89, and for those vibrational states. Even for the larger angles which possess
angles at the second peak the distributions are very similar thieep or the deepest potential well, the vibrational distribu-
that ofy = 64.82 or 73.54. tions are not fully relaxed, they are showing also significant
The y dependent vibrational distributions for four chosen populations in the high vibrational states. This indicates that
angles ¢ = 9.27, 32.89, 64.82, and 73.59 are given in even in case of the reaction system passes through the
Figure 13 forE, = 2.5 kcal/mol, and Figure 14 fBr =10.0  deepest potential well the complex is broken into the
kcal/mol. y averaged overall vibrational distributions are products before the energy is fully equipartitioned.
also shown in Figure 15 for several chosen energies. ThoseThese features imply that the direct reaction mechanism is
distributions are defined in terms of relative cross sections. always playing an important role whether the reaction passes
The vibrational distributions show quite different featuresthrough deep or shallow part of the potential well.
with the . The most noticeable difference is between theaveraged overall vibrational distributions shown in Figure
distributions for smaller angles (9232.89) and the distri- 15 is the result of two competing contributions from two
butions for larger angles (648173.54). At smaller angles broad peaks in the steric factor curve. It shows the maximum
the highly excited unimodal distribution is found, the mostpopulation ats = 4 andv; =3, 4 are dominantly populated.
population is concentrated o= 3, 4 states/ =5 state also  This feature is in quite good agreement with recent two
for higher energies). On the other hand, bimodal distributiorexperimentg:** Figure 15 also shows small peakvat=0,
is found for the larger angles, in this cage=0 state is consequently the overall vibrational distributions are show-
always highly populated and the highly excited states 3, ing the bimodal feature, and such a feature is never detected
4) are also showing considerable populations. in the previous experimental or theoretical studies. We are
Thesey dependent vibrational distributions indicate that not able to confirm whether the peak appearing-aD state
for the smaller angles corresponding to the first peak in theeally exists in current reaction system or whether it is
steric factor curve, the reaction is dominated by the direcartifact of the PES. In fact, the QC sttfthalso found
reaction mechanism, and for the larger angles correspondirgpnsiderable population at = 0 state. Surprisingly our
to the second broad peak in the steric factor curve, bothesult for the population at this state is in quantitative
direct and indirect reaction mechanisms are equally imporagreement with that of QC restfifThe vibrational distribu-
tant. These features are related to the potential energy toptien obtained in QC study is in fairly good agreement with
graphy. The larger the angle approached the deeper part ofir quantum results. The QC study found broad population
the potential well is passed through and consequently thever thev; = 0-5 states, but it does not show bimodal feature,
longer lifetime of complex is allowed. and the populations are evenly distributed ower 0-4
It seems that although the potential wells begin to appeastates while our quantum result shows sharp distribugon
in the VAP curve for the smaller angles at the fist peak of thexceptionally large population for= 4 state.
steric factor curve, the well is not deep enough to support The bimodal feature iy averaged overall vibrational dis-
long enough lifetime for the relaxation of highly excited tributions and the relative magnitude between the population
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at low state ¢ = 0) and high states indicate that while both 17
the direct and indirect reaction mechanisms are playin
important role, the direct mechanism is dominant over th
indirect mechanism. This does not mean that the abstractiopy
type of reaction dominates over the insertion type of reac-

tion, because as mentioned in the previous section insertido.

type of reaction may occur directly.

These figures also show that vibrational distributions arét

weakly dependent on the energy both qualitatively and,,
guantitatively, especially in case wphveraged distributions.
In case ofy averaged distribution, although the distribution

is slightly changing with the energy some interesting featuré4:

is worthy to be noted. Each vibrational states behave differ;
ently with the energy. When the energy is increasing theg

populations forw: = 1, 2, 3 states are almost not changing at27.
28.

showing small but noticeable changes. The populatiown for 29-

all, while the populations for the other states=-0, 4, 5 are

=4 is first increasing with the energy until about 5.0 kcal/3
mol and then decreasing with the energy. On the other hanacg
v; = 0, 5 states are showing monotonic chargewith the

increase of energy: =0 state is monotonically decreasing 32.

andv; = 5 state is monotonically increasing. These features3- ! / )
r?4. Khare, V.; Kouri, D. J.; Jellinek, J.; Baer, M.Rotential Energy

indicate that with the increase of energy direct reactio
mechanism is becoming more and more dominant.
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. Itis more appropriate to define thelependent cross section as

o(ji,Vi » VoEu, W) = k—f; (25 + )Py (ji,vi - Vii¥i,Ev)
1

Vi !
because 6[:sinyidyi =1 our definition is different from this
definition by a factor 0.5. The reason we used eq. (19) is that our
program gave thg dependent cross section datas in a form of it.
Note: This definition is different from the definition in Ref. 38 by
a factor 0.5.



