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Collision Energy Dependence of the GD) + HCI — OH + CI(?P) Reaction Studied by
Crossed Beam Scattering and Quasiclassical Trajectory Calculations on Ab Initio Potential
Energy Surfaces

Introduction

The interaction of atomic oxygen in the first excited singlet
state [OfD)] with a closed-shell hydride (MH) gives rise to
five electronic states at close distance. Among them, the
minimum-energy path leads to a deep potential well at the
M—O—H geometry, which corresponds to stable intermediates
such as HO(X 1A;) and CHOH(X 1A’) in the O¢D) + H,
and O{D) + CHy reactions, respectively. Meanwhile, the
excited-state potential energy surfaces (PESs) of these inter-
mediates have energy barriers for bimolecular reacfiohhe
large reactivity of OfD) results from the attractive interactions
on the ground-state PES, while the repulsive excited-state PES
may contribute at higher collision energ¥c{). These are
qualitatively common features of the PESs for thél@( MH
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The dynamics of the @GD) + HClI — OH + CI(°P) reaction are investigated by a crossed molecular beam
ion-imaging method and quasiclassical trajectory calculations on the three ab initio potential energy surfaces,
the ground 1A’ and two excited (A" and ZA’) states. The scattering experiment was carried out at collision
energies of 4.2, 4.5, and 6.4 kcal/mol. The observed doubly differential cross sections (DCSs) fotRhe CI(
product exhibit almost no collision energy dependence over this inspected energy range. The nearly-forward
backward symmetric DCS indicates that the reaction proceeds predominantly on the ground-state potential
energy surface at these energies. Variation of the forwbatkward asymmetry with collision energy is
interpreted using an osculating complex model. Although the potential energy surfaces obtained by CASSCF-
MRCI ab initio calculations exhibit relatively low potential barriers of 1.6 and 6.5 kcal/mol ¥4t Jand

21A', respectively, the dynamics calculations indicate that contributions of these excited states are small at
the collision energies lower than 15.0 kcal/mol. Theoretical DCSs calculated for the ground-state reaction
pathway agree well with the observed ones. These experimental and theoretical results suggest that the titled
reaction at collision energies less than 6.5 kcal/mol is predominantly via the ground electronic state.

reactions. Opening of the excited-state reaction pathway at an
elevated collision energy has been identified by the crossed
molecular beam study and the theoretical calculations for the
O('D) + H; (and its isotope variants) reactiérf The excitation
function observed by Hsu et al. declined wih, up to~1.8
kcal/mol and then gradually increased above this enéfigye
declining reactive cross sectiamead Ecol), is a typical attribute

to attractive PESs with no energy barrier, while the slow rise is
attributed to a PES with an energy barrier. The energy threshold
of the latter channel is in good agreement with the barrier height
of 2.3 kcal/mol at the HH—O collinear configuration obtained
gjy the ab initio calculation by Schatz et%Their calculations
predicted a comparable barrier height and reactivity for #4e'1
and ZA' states. The energy dependence of the angle-specific
translational energy release, or doubly differential cross section

(DCS)%7 unambiguously showed the contribution of the excited
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The O{D) + HCI — OH + CI system also forms a deep
insertion well on the ground-state PESAY) corresponding to

J. Phys. Chem. A, Vol. 112, No. 5, 200819

determined the HCI beam speed from the difference in arrival
times between these two positions to be 139818 m/s in

the hypochlorous acid (HOCI) molecule. Although a part of the He, 729+ 58 m/s in Ne, and 53% 40 m/s in Ar. These beam

excited-state PES(s) responsible for ultraviolet (UV) photodis-

sociation of HOCI has been theoretically studiéd;* global
PESs of the 3A" and 2A’ states relevant to the titled reaction
were investigated only recentfyPrevious experimental studies
have pointed only to the ground-state'Al) dynamics. Park

speeds yieldE. of 6.4 (1.4), 4.5 (0.8), and 4.2 (0.7) kcal/mol
for the He, Ne, and Ar carrier gases, respectively. The collision
energy spread AEq: full width at half-maximum) in the
parentheses is evaluated from the velocity width of each HCI
beam and the GD) beam. The Newton diagrams at edgjg,

and Wiesenfeld measured the vibrational and rotational statewhich are constructed from the beam characterization, are
distributions of OH products by laser-induced fluorescence (LIF) employed for image data analysis.

spectroscopy, and they suggested the reaction mechanism solely The O¢D) beam was generated by Rser photolysis at 157

on the ground-state PES on the basis of the observed unimodahm (LPF 220, Lambda Physik) of the;@recursor (1% @in

triangle plot of energy disposal (rotational, vibrational, and
translational energy releas€)Matsumi and co-workers mea-
sured the branching ratio between the @HCl and CIO+ H

He). The scattering ClPs)») signal was detected with the UV
probe laser pulse of 2Q@)/pulse. The lower probe laser intensity
than that in our previous study (4Q@Q/pulse) suppressed the

pathways together with their isotope effects (H and D) and the one-color dissociation/ionization noise from the HCI target

kinetic energy releaséd.They also argued that the primary
reaction pathways of both product channels are #¢é dround-

beam; the spot-like HClnoise image is less than 5% of the
CI* signal from the titled reaction, which is sufficiently small

state PES; yet, the products are controlled by orientation of HCI to obviate subtraction of this particular noise image from the

with respect to the incoming O atom; a sideway attack ¢B)(
to HCI leads to OH+ CI by an insertion/decomposition
mechanism, while the initial approach of 1D} to the Cl end

signal image. As shown later, we still needed subtracting of
another type of noise arising from the O atom beam source.
The count rate of the Clsignal from the reactive scattering

results in ClO production due to abstraction, both on the ground- was ~20 counts per laser shot at most. The probe laser
state PES. For the CIO production, an abstraction mechanismwavelength was scanned over 2.7 ¢raround the two-photon

through the excited A" PES was proposed as another
possibility by Kruus et at® from their time-resolved Fourier

resonant line of CHPs;p) — Cl(3D3p) at 235.326 nm. This
scanning range covers the Doppler components@500 m/s,

transform chemiluminescence spectroscopy. The doubly DCSwhich is sufficiently wide to detect the entire range of scattering

of the OH + CI pathways was measured for each of the
Cl(®Py=312) and CI*(P;=1/5) products by our previous crossed
beam study aEy, = 6 kcal/mol!® The angular distributions

exhibit pronounced preference in the forward direction. Al-

velocities. The images of Clat eachEc, are accumulated for
~1 h. These images at the threg, are measured under the
same detection conditions. The signal intensities with the Ne-
seeded K¢, = 4.5 kcal/mol) and the Ar-seede = 4.2

though any evidence of the contribution of the excited-state PESskcal/mol) HC| beams are-80 and~40% of that with the He-
was not seen in the experimental observables, further investiga-seeded HCI sampleEf, = 6.4 kcal/mol), respectively. These
tion at different collision energies has been performed to ratios do not correctly reflect theead Eco) but the difference

elucidate the influence of the excited states.
The detailed structure of the ground-state’(} PES has been

of the effective HCI beam density with the carrier gases (He,
Ne, and Ar). Resultantly, the signal-to-noise ratio of the present

examined in theoretical studies. In addition to the potential well data decreases in the descending order of the collision energy.

at the O-insertion geometry (HOCI), another shallower potential

The observed image is 2D projection data of a 3D density

well associated with the HCIO configuration has been confirmed distribution of the CK{Ps,) products at the instance of laser

by the ab initio studies for thelA’ PES!112152622 These ab
initio data for the 1A’ PES have been applied to the dynamics
calculations?®~35 Although the global PESs of the excited states
(1'A" and 2A") have been calculated by Nanbu et al. with the
same accuracy as that of the ground statthe dynamics
calculations on these PESs were limited only {ootal angular
momentum)= 02425 The ab initio calculations predicted

irradiation. The first step of image data analysis is density-flux
transformation using an apparatus function given by the temporal
and geometrical configurations of the pulsed atomic/molecular
beams and the laser bedMmThe apparatus function was
numerically simulated with the experimental parameters de-
scribing the spatial and temporal profiles of the atomic/molecular
beams and the laser beam. The degree of correction in the

comparable or even lower reaction barriers of the excited-statedensity-flux transformation was rather small, as the velocity of

PESs than thés, applied in our previous study. Here, we

the CI product ¢c) in this reaction was relatively small

present the experimental and theoretical studies to explore the(maximumuc < 1800 m/s). The doubly (velocity-angle) DCSs

role of the excited-state dynamics in the'D) + HCI — OH

are obtained for the thre&g, values by an inverse Abel

+ CI(?P) reaction. Scattering distributions observed by crossed transform of the density-flux corrected images.

beam ion imaging at three collision energies are compared with

quasiclassical trajectory (QCT) calculations executed on the Theoretical Calculation

1A' and 2A’ excited-state PESs as well as on th&'Iground
state.

Experimental Section

The global PESs of thelA’, 1’A", and ZA’ states were
obtained in our previous study by ab initio calculation imple-
mented with the CASSCF-MRCI method by the MOLPRO suite
of programs¥’ The detail of the quantum chemistry calculation

The details of the experimental setup are described else-is described in the original pap&rThe MRCI calculation was
where®® In the present experiment, we varied the speed of the executed on 4631 molecular geometries; the ranges of the bond
HCI molecular beam by using He, Ne, and Ar as carrier gases. lengths ardR(O—H) = 0.6-5.0 A, R(CI-0) = 1.2-6.0 A, and
The HCl was diluted in each carrier gas by 5% in concentration. R(H—CI) = 0.8-5.0 A. The interpolant moving least-squares

The time profile of the pulsed HCI molecular beam was

method combined with Shepard interpolation developed by

measured by a fast ion gauge (FIG-1, Beam Dynamics, Inc.) Ishida and Schat? was applied to generate the fitted global
140 and 280 mm downstream from the collision center. We PESs, which are employed for the present QCT dynamical
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calculations. The QCT calculations are carried out independently
on the IA’, 1'A”, and 2A' adiabatic PESs dE.o's of 3.0,

4.0, 6.0, 12.2, and 15.0 kcal/mol. The rangeegfi = 3.0-6.0
kcal/mol is chosen for comparison with the experimental data,
while the trajectories at highé&t,, are also examined for further
surveillance of thés.,; dependence of the excited-state dynam-
ics. The couplings between these PESs are not taken into
account. Each trajectory is run with a speckHig, for the @, j)

= (0, 0) rovibrational state of HCI. All other variables specifying
the initial conditions are chosen randomly by Monte Carlo
sampling. The equation of motion was integrated by the fourth-
order Runge-Kutta method on each adiabatic PES. Propagation
of the trajectory was terminated when one of the three
internuclear distances exceeded 8 Bohr (4.23 A). The number
of the trajectories was-20 000 for each PES. The destinations
of the trajectories are grouped into the GHCI, CIO + H,

and O+ HCI (inelastic) pathways. Among them, the trajectories
ending with the OH+ CI pathway are compared with the
experimental results.

Results and Discussion

A. Scattering Experiment. The ion images of the CliPz/)
product observed at the collision energies of 6.4, 4.5, and 4.2
kcal/mol are shown in Figure 1a, b, and c, respectively. The
images are placed so that the collision axis (thin black line) is
aligned upright. The Newton diagram is superimposed on each
image, where the velocity vectors of the HCI and thélD(
beams are depicted by thick arrows. The center-of-mass velocity
is shown by a thin arrow, whose end points at the center-of-
mass. The spot-like noise, which is due to byproducts contami-
nated in | laser photolysis, is seen at the end of thél(
beam velocity vector. This noise image is eliminated prior to
image data analysis. The production of the @Pi(,) is a minor
spin—orbit pathway in the present collision energy regléa?

In addition, it seems that the sptorbit branching can occur

in the asymptotic product (OH- ClI) region?® therefore, both

of the excited- and ground-state reaction channels can be
monitored by CRP3/,). This gives us some justification for using
the data of CRPsp) to discuss the overall reaction dynamics
on the ground and excited electronic states in the rest of this
paper.

The center-of-mass translational energy releas¥g;),
obtained from these images are shown in Figure 2a fdEgn
of 6.4 kcal/mol, in b for 4.5 kcal/mol, and in c for 4.2
kcal/mol. The available energieB4,) are almost the same, (a)

17 800, (b) 17 100, and (c) 17 000 ck because of a large
exothermicity of the reaction. Correspondingly, the obtained
average translational energy releas&> = > EP(E)/P(E)]

is similar for the three cases, that is, (a) 3830 (170), (b) 3820
(270), and (c) 3590 (210) cm for Eco = 6.4, 4.5, and 4.2
kcal/mol, respectively. The values in the parentheses are the
differences between the results with/without sensitivity correc-
tion for the observed images, which were found to be unim-
portant in the following discussion. The obsenk(;) values

at the threeEcy's yield a small energy partitioning to the
translational energy<{fr>) of 22 4+ 2%, exhibiting formation

of highly internally excited OH. The strong internal excitation
of OH has been well-known both in the experimekft19.4041
and theoreticdf~29.33-3542 studies as a distinctive attribute of
the O¢D) + HCI reaction. OuiP(E;) agrees very well with the

Kohguchi et al.
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Figure 1. Observed scattering images of ®Y;,) products in the GD)

+ HCI — OH + ClI reaction. The collision energies are (a) 6.4, (b)
4.5, and (c) 4.2 kcal/mol. The geometry of the HCI andl)(beams

is shown by the Newton diagram superimposed in each image. The
HCl and O{D) beam velocity vectors, which are crossed at right angles,
are designated by the thick arrows. The center-of-mass velocity shown
by a thin arrow points to the scattering center on the collision axis,
which is represented by a vertical black line. The spot-like noise at the
end of the O{D) beam velocity is due to byproducts in laser photolysis.
The direction of the probe laser beam bisects the included right angle
between the HCI and the @) beams in all images.

carried out with a rather broad collision energy spread (average
Eco = 7 kcal/mol), while the present experiment was carried

state distribution of the counterpart product OH reported by Park out at a well-defined collision energy. Despite this difference

and Wiesenfeld® For comparison, we calculate{E;) from

in conditions, theP(E)’s distribute mostly in the lowk;

the triangular plot reported by Park and Wiesenfeld, as presented <10 000 cnT?) region in both cases and are consistent with
in a dashed curve in Figure 2a. Note that their experiment was each other.
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Figure 2. The center-of-mass translational energy release of tHg)O(

+ HCI — OH + Cl reaction at the collision energieEg) of (a) 6.4,

(b) 4.5, and (c) 4.2 kcal/mol. The dashed curve in (a) is obtained from

the rovibrational state distribution of OH measured by Park and

Wiesenfeld® for which the translational energy was determined for

the average collision energy of 7.4 kcal/mol. All of the scattering

angular components are integrated. All of the graphs are normalized the relation ofT(6cm = 18C°)/T(Ocm = 0°) = exp(—Trotf 2Tread,

to have a certain common area. The available enerigs=< AH + where T(0¢m) is the experimental DCS. The rotational period

Eco) are denoted by an arrow in each plot. of 7ot = 27l/lett is evaluated by assuming the moment of inertia

(1) at the equilibrium geometry of the HOCI or HCIO potential

The DCSs extracted from the slice (Abel inverted) image data well and the effective angular momentum le¢ = pvrelpear

at the threee.q's are presented in Figures-3a. These are the  whereu is the reduced massye is the relative velocity, and

angular distributions integrated over the whole scattering byeakis the impact parameteb) at which the opacity function

velocity (or E;) component aEco = 6.4 kcal/mol (Figure 3a), [P(b)] without a factor of Zbdb is maximized. The moments

4.5 kcal/mol (Figure 3b), and 4.2 kcal/mol (Figure 3c). As is of inertia of ((HOCI) = 35.0 amu & andI(HCIO) = 29.4 amu

expected from the observed images (Figure 1), the DCSs at theA2? are obtained from the ab initio results by Nanbu éalhe

threeEq,/'s are peaking in the forward and backward directions, representative value tea= 2.5 A is used on the basis of the

while the sideways components with the center-of-mass scat-QCT results, which are discussed later. An almost identical value

tering angle §cm) from 30 to 150 amount to less than 50% of  of bpeakis presented in the QCT study Biy = 12.2 kcal/mol

the total intensity. The DCS &, = 6.4 kcal/mol (Figure 3a) by Martinez et af® The geometry at the HOCI well yields the

shows pronounced preference for forward scattering; the evaluation ofroy = 360, 430, and 440 fs foE., = 6.4, 4.5,

Figure 3. The differential cross section of the @) + HCl — OH +

Cl reaction at the collision energies of (a) 6.4, (b) 4.5, and (c) 4.2 kcal/
mol. All of the scattering velocity components are integrated. All of
the graphs are normalized to have a certain common area for
comparison.

intensity of the forward components (0 ¢y < 30°) is more and 4.2 kcal/mol, respectively. Consequently, the osculating
than twice the backward (156 6.n, < 18C°) ones. The complex model provideseac= 340, 940, and 1070 fs fdE.q

preference slightly decreases in the lowigs (4.5 kcal/mol in = 6.4, 4.5, and 4.2 kcal/mol, respectively. The assumption of
Figure 3b and 4.2 kcal/mol in Figure 3c). The DCS&aj = the collision complex at the HCIO well geometry yields shorter

4.2 and 4.5 kcal/mol, which are overlapped each other within eac by ~15% than those at the HOCI well for eadhy

the AEc,, are almost identical, except for the lower signal condition. The above estimation employs the moment of inertia
statistics of the data with the Ar buffer bearB.{ = 4.2 of a stable molecule, while a short-lived collision complex
kcal/mol). The observed preference of the forward scattering undergoes a large-amplitude motion during chemical reaction.
with the increasindeco is explained by the osculating complex Therefore, this analysis should be regarded qualitatively. Despite
model for chemical reactiorf§** The model provides an  such a limitation, the osculating complex model, which implic-
estimate of the reaction time{s9, which is a fraction of, or itly assumes the ground-state reaction, well explains the trend
comparable to, the rotational period of the complex) by of Ecoi dependence of the observed DCS. Since the enhancement
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Figure 4. The doubly differential cross sections of the'D) + HCI
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Figure 5. The schematic potential energy diagram of théDp(+

HCI reaction. The electronic energy for the saddle points and the
equilibrium structures are shown in the units of kcal/mol. The electronic
states correlating the saddle points and the equilibrium structures are
designated by thick black lines fotA', thin black lines for 1A"", and

thick gray lines for 2A".

along the forward/backward directions. While tag-dependent
forward—backward ratio is discussed in the former paragraph,
no significant E, dependence is found for the sideways
components in thevc—60cn plot. The polarized scattering
distribution is presented in the previous experiméfitahd
theoretical® studies of the GD) + HCl reaction; the observed
correlation between the forwatt,,, and the slow is ascribed

to a peripheral dynamics in which a light atom is transferred
between two heavier atoms separated at a large distance, leading
to strong excitation of OH and a forward scattering. The QCT
calculations by Mafhez et a3 on the £A' PES atEqq = 12.2
kcal/mol indicated the delayed emission of products in the
backward direction with respect to the forward direction. In the
osculating complex regime of an insertion reaction, the reaction
time is a fraction of a rotational period. Our result indicates
that back-scattered products have higher recoil velocity, indicat-
ing weaker internal excitation in OH.The results accord well
with the theoretical prediction by Manez et al2® if de-
excitation of the OH stretching vibration occurs due to mode

— OH + ClI reaction at the collision energies of (a) 6.4, (b) 4.5, and coupling Withi_n the Iifgtime of a collision complex that is still

(c) 4.2 kcal/mol. The abscissa and ordinate represent the center-of-shorter than its rotational period (0.3 ps). Thus, all of the
mass scattering angle and the product CI velocity, respectively. The experimental results suggest that the ground-state reaction
upward direction points to the forward component. A fixed pattern noise qominates the titled reaction at the thieg/'s, although these

seen in the low-speed regiorr400 m/s) is due to numerical artifact

in the conversion of the small radius to the polar coordinate.

of the forward scattering at the highEg,, is considered to be

exceed the potential barrier heights predicted by the CASSCF-
MRCI calculation, as is described in the next section.
B. Quasiclassical Trajectory Calculations on the Ab Initio

a rather contrary indication to the contribution of the excited PESs.We will briefly review the ab initio PESs on which QCT

state PESs, the observEgh dependence of the DCS confirms

calculations were performed. The detailed discussion on the

the dynamics predominantly on the ground-state PES. In topography of the A" and 2A’ excited-state PESs was made
addition, the preference of the forward components in all three by Nanbu et al® The schematic energy diagram is shown in
Ecol's is in good agreement with the QCT results on the ground- Figure 5. Both of these PESs are globally repulsive, with no

state PES, as is described in the following section.

The doubly Ocm and vc)) DCSs in the polar coordinate
representation are shown in Figure Ry, = 6.4 kcal/mol in
Figure 4a,Ecq = 4.5 kcal/mol in Figure 4b, ané, = 4.2

bound-state region except for a shallow van der Waals well on
the ZA' PES. The saddle point structures on tha'land 2A’

PESs obtained by the ab initio calculations are shown in Figure
6. The TA"” PES has a saddle point at a bent geometry; the

kcal/mol in Figure 4c. An inaccurate intensity in the neighbors two-dimensional contour plot of the electronic energy with a

of 6cm = 0 and 180 is unavoidable in the numerical Abel

fixed H—CI bond length of 1.31 A is shown in Figure 6a. The

inversion. A fixed pattern noise, which is apparently seen in saddle point is located at the OH bond lengthR§O—H) =

the slow speed regiond; < 400 m/s) arises from the Cartesian-

1.70 A and the @H—Cl angle of 129. The barrier height from

to-polar transformation of pixelized image data. These artifacts the reactant arrangement is 1.6 kcal/mol. TRA'2PES also
due to the numerical operations are neglected in the following has a saddle point but at the-®I—ClI linear configuration

discussion. The doubly DCSs in Figure-4ashow thevg—

Ocm correlation (nonseparabilit§yof vc; andb.m), as is expected

shown in Figure 6b. The barrier, whose height is 6.5 kcal/mol,
is located aR(O—H) = 1.35 A andR(H—CI) = 1.34 A. Another

from the polarized (elongated) feature of the observed imagessaddle point on theA"” PES is found at the HCI—O linear
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Figure 6. The contour plots of the electronic energy of the excited- i %‘éﬁom?m"
state PESs at the fixed-HCI bond length obtained by the ab initio - | —— 12.2 kealimol
calculationt®. (a) the A" state with the fixed H-Cl bond length at UJU 10
1.31 A; (b) the 2A’ state with the fixed HCl bond length at 1.34 A; cf;: s
and (c) the 3A" state with the fixed HCl bond length at 1.39 A. The
saddle points are designated kyin each two-dimensional plot. The ~
step of the energy contour is 1 kcal/mol. The saddle points in (a) and )
(b) represent the potential barriers from thé@(+ HCI reactant to 00-05“
the OH+ ClI pathway. The saddle point in plot (c) shows the barrier ()
from the reactant to the Cl&@ H pathway.
0.00 | . - . £

geometry. This is a saddle point from the reactant to the CIO 0 60 120 180
+ H pathway with the barrier height of 16.1 kcal/mol. The elec- COM Scatteri ng Ang | e/ degr ees

tronic energy around the saddle point is shown in Figure 6¢. i i i )

The results of the QCT calculations executed on th&',1 Figure 7. The theoret_lcal dlffe;rentlal cross sections of_thél][)(—i—
11A", and 2A’ PESs are shown in Figures 7 and 8. The _HCI — OH + Cl reaction obtained by the QCT calculatllon executed

v @ . o2 independently on (a) the!A’ ground-state PES, (b) théA'" excited-

theoretical DCSs at variouSc are shown in Figure 7; the  giate PES, and (c) thé# excited-state PES. The collision energy for
results on the BA" are shown in Figure 7a,!A"" in 7b, and each curve is designated with different colors in the legend, black for
21A" PESs in 7c. Unsmooth curves of the DCS of the excited 3.0 kcal/mol, red for 4.0 kcal/mol, green for 6.0 kcal/mol, purple for
states (Figure 7b and c) are due to the smaller number of 12.2 kcal/mol, and light blue for 15.0 kcal/mol.
resultant trajectories in the Ot Cl pathway than that of the
ground state (Figure 7a). The overall feature of the QCT result kcal/mol because of the large exothermicityHo = —44.4
on the 1A’ PES (Figure 7a) is in good agreement with the kcal/mol) and the deep well structures (HOCI well depth: 101
observed DCS. The theoretical DCS on the ground-state pEskcal/mol) of the A’ PES with no barrier. It is noted that the
exhibits the polarized distribution peakedéat, = 0 and 180 small Eqq dependence of the theoretical DCS, especially the
with a discernible preference in the forward direction. The ratio between the forward and backward peaks, differs from
intensity of the sideways components is considerably smaller the monotonic change expected from the osculating complex
than that of the forward and backward ones. A qualitatively model. However, the present QCT results illustrate that the
good agreement in the DCS is seen between the present an@l’OUﬂd-State PES SO|8|y causes onIy a small variation of the
previoug® QCT calculations aEco = 12.2 kcal/mol, despite ~ DCS within a few kcal/mol width oE..
the fact that independent ab initio data set of th&' PES was For discrimination between the reactions on the ground- and
employed. No markeé., dependence is found in Figure 7a, excited-state PESSs, it is valuable to inspect an individual feature
except for the slight and nonmonotonic difference with respect of the DCS on each PES prior to consideration of the coupling
to Eco. The variation of the calculated DCS withifyo = 3.0— between PESs. The theoretical DCS on th&"1PES (Figure
6.0 kcal/mol is as small as the present experimental accuracy.7b) shows a drastic change betweEg, = 6.0 and 12.2
Although the ground-state PES has been corroborated to havekcal/mol, the small intensity without the forward components
a deep double-well structure by ab initio calculatidh’>26-22 at Eqo = 6.0 kcal/mol and the increased intensity with a peak
the fast dynamics without being trapped in the potential wells around6., = 20° at Ecq = 12.2 kcal/mol. The characteristic
have been revealédZ3resulting in the larger intensity in the  peak of the DCS is not simply explained by the height of the
forward direction. It is expected that the reaction mechanism is saddle point (1.6 kcal/mol) on théA’” PES since it is bent. It
not significantly affected by the small differencef, = 3—6 seems that this bent saddle point does not play any significant
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= 1A PES by the integral of 2bP(b) up tobpeax Wherebpeaxcorresponds
o 1'A"PES to the effective reaction barrier. Assuming that byguis given
& ZAPES by the saddle pointypeac~ 1.0 A for the A" PES andopeax
~ 0 A for the ZA’ PES are obtained from the ab initio
calculations. The former value is obtained from the bent
structure in the reactant regioR(H—CI) = 1.31 A compared
with 1.27 A of an isolated HCH{? and the latter are from the
collinear saddle point. The small valuestiptaof the excited-
state PESs are markedly contrasted withlthgx= 2.5 A of

;;_—"0 the LA’ PES, resulting in the considerably smakggd11A"")
0—0 T T 5 A and oread2'A") than oread 1'A").

Collision Energy / kcalmol™

Figure 8. The theoretical reaction cross sections of théDp@ HCI
— OH + ClI reaction at the collision energieEc) of 3.0, 4.0, 6.0, The collision energy dependence of thé@)(+ HCI — OH
12.2, and 15.0 kcal/mol. These are the results obtained by QCT + C|(2P) reaction has been investigated both experimentally and

calculation executed independently on the\'ll), T'A”(C), and  tpepretically. The doubly DCSs measured by the crossed

2'A’'(a) PESs. The data for the excited states€gt = 3.0 and 4.0 : : _ _
kcal/mol are omitted because of their negligibly small magnitudes. The mo!ecular .b.eam experiment in tg = 4.2-6.4 .kca.ll/m()l
solid lines are guides for eyes. region exhibited nearly forwarebackward symmetric distribu-

tion, with a pronounced forward component. The forward
scattering was enhanced at the higher collision energies. The
previous CASSCF-MRCI ab initio calculations predicted the
existence of the reaction barrier of thBAl' (1.6 kcal/mol) and

2IA" (6.5 kcal/mol) excited-state PESs. The QCT calculations
were carried out separately on the ground-statd'fland the

two excited-state (A", 2'A’) ab initio PESs. The calculated

3

o

Cross Section / A?

=
o
1

Conclusion

role as a typical transition state in the dynamics. Another saddle
point atE., = 16.1 kcal/mol on the ¥A" PES (Figure 6¢) does
not give any account either because it leads to the €l@
pathway. At higher energies, the major reaction mechanism on
the A" PES is speculated to occur over a wider interaction
region than that of the potential barrier itself. On the other hand, partial reaction cross section of théAl ground-state PES is

1! i i i "
the QCT results of the”2’ PES s consistent with a has much larger than those of thé A" and 2A’ states. This is

expectation on the t_opograph|c_al basis of the PES;_the Saddlebecause the excited-state pathways have reaction barriers and
point associated with the collinear geometry Bty = 6.5

. o . small cones of acceptance, while interactions in the ground-
kealf mpl yields the D(.:S Wh'Ch IS character[zed by backward state pathway are attractive and provide a much larger cone of
scattering, as shown in Figure 7c. The collinear saddle point -

LI : : . acceptance. The theoretical DCS of the ground-stt&¢ RES
shown in Figure 6D is recognized to serve as an ordinary type is in good agreement with the experimental DCS. The present
of transition state. We found that the sum of the DCSs of the 9 9 b ) P

ground and the two excited states is almost the same as that 0](experimental and theoretical results conclude the dominant role
the ground state, indicating that contributions from the excited of the reaction pathway via the ground-staté'1PES at the

1’A" and ZA' states are negligible at the experimentally collision energy below 6.5 keal/mol.
investigated energies.

The reaction cross sectionsd,) on each PES are shown in
Figure 8. Theoeacin the units of R is obtained by summing
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