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Quantum scattering calculations for the reactioftr FHCI — HF + Cl are performed on a new ground-state

ab initio potential energy surface. The reagent rotation is found to have a dramatic effect on the reaction
probability. Furthermore, the exit channel rotational thresholds leave a strong imprint on the reaction
probabilities and even on the cumulative reaction probability. A very simple vibrationally adiabatic model is
shown to account for most aspects of the reaction dynamics. In this model, the fast vibrational motion is
adiabatically eliminated leaving the key reaction dynamics represented by a reducett abbon collision.

The shape of the adiabatic potential surface immediately yields to a simple and intuitive interpretation for the
rotational enhancement of the rate. The rotational enhancement is shown to be an effect of the entrance
channel dynamics of the atennotor problem.

Introduction The earliest detailed study of the + HCI reaction was
The reaction F+ HCl — HF + Cl represents an important ~ Performed by Polanyi and co-workefswho monitored the
system for the study of chemical reaction dynamics because itchemiluminescence of the HF product. They then constructed
is among the simplest examples of an asymmetric and highly @ London-Eyring—Polanyi-Sato (LEPS) potential energy
exothermic “heavy-light—heavy” (HLH) reaction. The dynam- surface (PES) with a sma_II classical barr_ler of 1.1_ kcal/mol in
ics of HLH reactions have been studied extensively, as many €fforts to reproduce experimental data using classical trajectory
important hydrogen atom (or proton) transfer reactions fall Simulations. Important kinetic data have been produced by
within this category (see review in ref 1 for work before 1993). Wiurzberg and Houstdfifor F + HCl and several related HLH
On a fundamental level, HLH reactions have been of continuing freactions. The measured thermal rate constant of80.%) x
interest to theorists since they generically exhibit a variety of 107*?cm¥s-molecule aff = 300 K is consistent with a moderate
fascinating dynamical behavior. For example, quantum tunneling reactive cross section of aboutl A2 The temperature
is known to dominate the rate for many thermal HLH reactions. dependence of the rate constant exhibited significant non-
Also, HLH systems often support a rich spectrum of reactive Arrhenius behavior that was tentatively attributed to the
resonances due to the existence of deep wells in the dynamicaformation of collision complexes. Kinetic data collected using
potential surfaces. There have been numerous studies of theother experimental techniques for this system have been
related OfP) + HCI — OH + CI reaction? '3 which has generally consistent with the results of 'Y¢herg and Hous-
become a prototype system for asymmetrical HLH reactions. ton6” The nascent ro-vibrational product distribution under
A comparison between this earlier work and the present resultsthermal conditions has been measured by Polanyi and co-
for the lower-barrier F+ HCI reaction should provide useful  workers!* The reaction exothermicity oADg = —33.2 kcal/
insight into the generic behavior expected for this class of mol was found to be deposited largely into product vibration,
reactions. This is especially interesting since thet-FHCI with HF (' =2) being the most highly populated state. Arrested
reaction is very exothermic while €R) + HCI is nearly relaxation measurements as a function of flow rate suggested
thermoneutral. The central focus of the present work is to probe that the products are rotationally hot, with a distribution peaking
the influence of reagent rotational excitation on the reaction nearj’ = 10. Fully collision free experiments for F HCI
dynamics and also to study the closely related issue of productreactive scattering with supersonically cooled reagents have been
rotational distributions. A strong enhancement of the reaction recently performed in a crossed jet configuration, based on
probability for rotationally excited reagents has been reported Doppler-resolved direct IR laser absorption of the nascent HF-
for OGP) + HCL.” As we will see, this behavior is even more (/| j') states®
pronounced for F+ HCI. We present a simple and predictive

. Theoretical work on the F HCI reaction has also been
model of the enhancement effect that we believe can help

ongoing. Last and Baer calculated a diatomics-in-molecules

interpret the dynamics of many HLH systems. (DIM-3C) PES that predicted a barrier height of 4.0 kcal/dfol.
* Part of the special issue “Donald G. Truhlar Festschrift". More recently, ab initio calculations at 311G(3d2f,3p2d)-level
* Corresponding author e-mail: skodje@spot.colorado.edu. were carried out using the PUMP2/PUMP4 method for 3400
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§ Institute of Atomic and Molecular Sciences, Academia Sinica. geometries by Sayos et#TheA state was then fitto a globa
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TABLE 1: Properties of the DHSN—PES Transition State along with Those for the SayosPES

\ai \/ad \/ad — Ggend Wss Wbend @rxn

kcal/mol kcal/mol kcal/mol OFHCI r'en/ao I'encl/ao cm?t cmt cm?t
DHSN—-PES 3.80 3.46 3.03 123.52 2.69 2.51 2196.8 293.4 1118.3
Sayos-PES 1.12 0.01 —0.26 131.2 2.60 2.48 2094.4 189.0 1219.8

aAll energies are expressed with relative to the minimum of the entrance channel poté¢ntialthe classical barrier height relative to the
reagentsV is the adiabatic barrier height, ami — ege”d is the adiabatic barrier height neglecting the bend zero point energy. Adiabatic barrier
heights were not available for the Sayd3ES, so we simply subtract the harmonic normal mode zero point energies to estimate the adiabatic
barrier.

the barrier was empirically scaled downward to 1.1 kcal/mol surface. Some time ago, we introduced a vibrationally adiabatic
to obtain agreement between the experimental rate constant ananodel that explicitly converts a HLH reaction into a rotational
the predictions of transition state theory. The Say®ES has  scattering problemt32-35 This model is based on the clear
been used for classical trajectory simulations of the reaction separation of time scales between the slow RT motion and the
under thermally averaged reagent collision conditi8nghe fast vibration and permits the elimination of the fast motion. In
same surface has also been used by Tang @tfat. a time- classical mechanics, the reaction probabil@g)(for a given
dependent wave packet study of the reaction dynamics. As aninitial state is then proportional to the probability of crossing a
extreme limiting case, the most recent study of this reaction carefully defined critical dividing surface to reaction. In quantum
has been a quasi-classical trajectory (QCT) study by Kornweitz mechanics, thEg for symmetrical HLH systems can be obtained
and Persky on a new LEPSES with a zero barrier heightto  from a coherent superposition gfparity andu-parity solutions
reaction?® to the RT scattering problem that also includes the exit channel
The PES of Sayos et #2! and the LEPS surfaces are RT dynamics*** Smith and co-workers have developed the
empirical, in the former case at least to the extent that the barrierkinematic-mass model (KMM§-*that yields useful insight into
height was adjusted to experiment. A high level ab initio surface the reduced RT scattering problem. On the basis of the earlier
(DHSN—PES) has been recently produced by Deskevich¥t al. line-of-centers treatment, the KMM assumes straight-line tra-
This was based on dynamically weighted, complete active spacejectories up to the dividing surface. The rotation enhancement
MRCI + Q calculations using a series of AZ (n = 2, 3, 4) observed in QCT simulations of the 3 + HCI reaction could
basis sets, with the complete basis set limit (CBS) achieved by then be explained in terms of the alignment of the velocity vector
extrapolation methods of Peterson and co-worke?8.The of the RT motion of the reagents with the normal vector to the
lowest three electronic state energies (28A"") have been  dividing surface.
calculated at 3230 geometries, with the resulting ground-state  The remainder of this paper is organized in the following
energies fit to the analytic expansion of Aguado and Pani&gua. way. In the Theoretical Simulation section, we describe the
Even at this much higher ab initio level, the barrier height on computational methods used for the dynamical calculations and
the DHSN-PES remains higher (3.80 kcal/mol) than previous also review the potential energy surface. The detailed results
empirical surfaces, and the saddlepoint geometry is highly bent. of the classical and quantum simulations are also presented in
In this first paper, we explore dynamics of+ HCI on this this section. In the Analysis section, we present the adiabatic
DHSN-PES, with the aim of developing a physical understand- model used in the analysis of the raw simulation data. The
ing of rotational effects in HLH reactions. A more detailed physical interpretation of the rotational enhancement effect is
description of the DHSNPES surface construction as well as  shown to be particularly simple when viewed in terms of the
explicit comparison between theoretical and experimental resultsadiabatic model. Further details of the reaction dynamics are
will be presented later in a companion wéfk. likewise interpreted in terms of the model. In the last section,
As shown below, the influence of reagent rotational excitation we summarize our findings and discuss their implications.
on the reaction probabilities for + HCl is quite profound. At
a total energy equal to about 2 kcal/mol above the threshold Theoretical Simulation of the F + HCI Reaction
energy, thel = 0 reaction probability is highest for the H@I(
= 0,j = 9) state, which is over 100 times larger than that for =~ DHSN—PES.As mentioned in the Introduction, the present
HCI(v = 0, = 0). While the influence of rotational excitation  study of the F+ HCI reaction employs the DHSNPES.
on reaction rates has been discussed many times for individualTherefore, we begin with a short review of the essential features
reactions, the range of observed behavior is very div&rae. of this surface. The PES is based on extensive quantum
many systems, reagent rotational excitation can inhibit reactivity chemistry calculations using the MOLPRO suite of ab initio
since it deflects the colliding complex from the optimal reaction programs® The three-state (2A1A") full valence MRCI+
path. When rotation does promote reaction, the effect can beQ wave functions were calculated using reference configurations
highly dependent on translational energy and the orientational from a six-state (4A 2A") dynamically weighted MCSCF
state of the rotor. Many aspects of this behavior have been calculation®® The adiabatic energies were extrapolated to the
discussed in the context of the “stereodynamics” of chemical complete basis set (CBS) limit using the standardh&\atomic
reactions basis setsn(= 2, 3, 4). Finally, correlation energies were scaled
The rotational enhancement/suppression of a reaction should(Py < 3%) to accurately reproduce the experimental reaction
be viewed as a consequence of entrance channel dynamics. ThugXothermicity, with the same correlation scaling factor applied
rotation will influence the probability that the colliding pair will ~ consistently to all points on the surface. The calculations were
reach the transition state (TS) dividing surface but does not performed at 3230 geometries and numerically fit to the analytic
generally have a strong effect on the subsequent recrossingorm of Aguado and Paniag#éwith an rms deviation of<
probability. Loescht emphasized the role of the entrance 0.1 kcal/mol along the reaction path.
channel rotational-translational (RT) dynamics by plotting In Table 1, we present some of the characteristics of the final
classical trajectories in the JacoB, §/) space up to the dividing  fitted surface. The barrier height is 3.80 kcal/mol relative to
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. L Figure 2. Quantum mechanical (solid lines), quasi-classical (lines with
the entrance channel well. The transition state geometry is highly points), and vibrationally adiabatic (symbols) final state summed

bent, withdFHCI = 123.5. As would be expected, the position  reaction probabilities for F- HCI(» = 0, j); total energy is relative to
of the transition state is “early” so the HCI bond length is close the reagent zero point energy.
to its equilibrium value. The harmonic vibrational frequencies
at the saddlepoint are 2196.8 and 293.4 &rthe ground state  adiabatic barrier height, which occurs at 3.46 kcal/mol. On the
vibrationally adiabatic barrier, computed using harmonic zero other hand, if the bending zero point energy is neglected, the
point energies, is shifted slightly toward reagents and found to adiabatic barrier lies at 3.03 kcal/mol and is roughly consistent
be at 3.46 kcal/mol based on a reaction path calculation. If the with Ewesn Next, we note the existence of a dense resonance
bending zero point energy is neglected (see below), the adiabaticspectrum that is distributed over the entire energy range
barrier is 3.03 kcal/mol. For reference, we have also included considered. At low energies, as seen in Figure 1, most of the
the corresponding information for the empirically adjusted PES reaction appears to be mediated through the resonance states.
of Sayos et al%21which has a 2.68 kcal/mol lower classical Intricate resonance structure has been similarly observed for
barrier height O(P) 4+ HCI"~10 and many other HLH systeni3444 Xie et
Quantum Scattering Calculations. Quantum scattering  al.l* have recently been able to assign a number of states in
calculations were performed using the time-independent, close-O(P) + HCI to van der Waals type states in the entrance and
coupled hyperspherical method of Manolopoulos and co- exit channels of the reaction. But in contrast, thetFHCI
workers?0 The first set of calculations were carried out for total reaction shows a resonance spectrum that more clearly extends
angular momentum] = 0. The Smatrix elements were  to high energy. Finally, the most interesting featur&B(E) is
generated on a fine grid of energies spaced by 1 meV extendingthe occurrence of a sharp step structure versus energy. Normally,
up to a total energy of 0.955 eV above the classical minimum the staircase structure &&3(E) observed in other reactions is
energy of the reagents. The cutoff energy for truncation of the much less distinct (due to tunneling) and reflects the sequential
surface states was chosen to be 2.55 eV. The rotational basisspening of quantum bottleneck states at the transition state. In
set included states up jo= 25. The hyperradial wave function  those cases, the energy positions of the steps are determined
was propagated from = 4.85 top = 45.0a,in 560 steps. The  from the energies of vibrationally excited states of the activated
results are converged with an error of less than 1%. The nextcomplex45 The structure observed in Figure 1 is completely
set of calculations were fal = 1—4 over the same range of inconsistent with this interpretation. The steps are much sharper
energies. A full helicity basis was used, but otherwise the that they should be based on estimated tunneling through the
convergence parameters in the computation were chosen to bediabatic barriers. Furthermore, the positions of the observed
the same. Since these calculations were time-consuming, fewelsteps do not correlate in any clear way with the transition state
total energies were calculated. Higher valuesJoiiere not  vibrational frequencies. Instead, the energy positions of the steps
calculated. appear to correspond to the diatomic rotational energy levels.
The cumulative reaction probability fdr= 0 (Ng) is plotted In Figure 1, the threshold energies fortFHCI(» = 0, j) and
in Figure 1 versus shifted total energy. [For the remainder of Cl + HF(v' = 3, j') are indicated. The step positions almost
this paper, energy refers to total energy relative to the HCI zero precisely match the exit channel threshold energies.
point energy on this surface (4.27 kcal/mol), unless indicated A more detailed picture of the reaction dynamics is provided
otherwise.] We define by the state-selected reaction probabilities. The total (final state

summed) reaction probability at a givdris defined as
open

Na(E)= 5 Pe(v.j k= 0.} K E; D) () 1 open
Lk Pr(v,)) = —— Z Pr(v, ), k=2, j', K) 2
S R 2+14 F
. . ) VLK
wherePxr is the square magnitude of tlamatrix elements and
(v, J, K (or (¢, j', K)) represent the reagent (or product) and measures the total reactivity from a given ro-vibrational
vibrational, rotational, and helicity quantum numbers labeling reagent state. [Far= 0, the helicity averaging and thej(21)
the channel. There are a number of interesting features exhibitedprefactor drop out of this expression.] In Figure 2, we show
by NX(E). First, the effective threshold iN3(E), empirically the J = 0 resultsPg(j) = Prw = 0, j) for a number of initial
defined as N%(Eth,esa = 0.5, lies at 2.95 kcal/mol. This rotational states. The rotational enhancement of the reaction is
represents a significant dynamical reduction from the full clear from this plot. The reaction from the ground std&g(Q))
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Figure 5. Product rotational distribution fod(= 0) F+ HCl(v = 0, Figure 7. Quantum mechanical product-state summed reaction prob-
j) with j = 2, 10, and 12 folE — ¢; = 5 kcal/mol andv’ = 3. abilities for the reverse reaction & HF(v = 3, ) — F + HCl(all)

with J = 0; the collision energy is measured relative to the channel CI
+ HF(@ = 3,j = 0).
is negligible at the nominal threshold energy of 2.95 kcal/mol
and never rises above 0.1 for any energy considered. Indeedstates (that dominate the overall rate). Namely, at hitfe
the reactivity of all the reagent states wjtk 5 is found to be state-to-state reaction probabilities exhibit sharp thresholds for
quite low. In contrast, the highstatesj(> 8) are very reactive, certain ¢ = 0, ] — ' = 3, ) transitions. These transitions
with Pr often rising above 0.5. The effective thresholds for follow a rough energy matching condition of the thresholds (i.e.,
reactivity move lower in total energy gsncreases from O up  E[F + HCI(v = 0, j)] = E[CI + HF(v = 3,")]). The reaction
to 7. In Figure 3, the total reactivity at several values of total probabilities for some of the dominant state-to-state transitions
energy is plotted versus the reagent quantum numb&he are shown in Figure 6.
preference for the highstates is clear at all energies. We have also assembled the various reaction probabilities
The product state distributions versus energy for several initial for the reverse reaction, C HF — HCI + F, using
reagent states are presented in Figures 4 and 5. The totamicroreversibility. As shown in Figure 7, total reaction prob-
vibrational distribution j(-summed) shows a preference for abilities for Cl+ HF(v = 3, j) — HCI + F exhibit extremely
= 3, with thes' = 0 state negligibly populated. The rotational sharp dynamical thresholds at the threshold energies of the CI
distributions for high initiaj, restricted to the dominant = 3 + HF reagent states. The rotational enhancement effect for the
product manifold, are uniformly hot. An intriguing observation HF(z = 3) manifold is apparent from Figure 8 but is somewhat
can be made concerning the reactivity from the hjighitial less pronounced than for the forward reaction.
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E=s k'ca"mol' We have plott_ed the_ resu_lts f_or the reactiviy(j) qbtained

0.75 + 1 from the QCT simulations in Figure 2 for comparison to the
guantum results. In these results, no final state binning is needed.
It is seen that the QCT and quantum results are generally quite

0.25 ¢ similar. The strong preference for higtstates is reproduced,
as are the approximate positions of the thresholds to reactivity.
E=4 kcal/mol Differences in the fine details are expected, as the resonance
0.75 | and tunneling effects are not accounted for by a QCT model.
Pr L 1 However, the QCT does account for the rotational enhancement
0.25 \/_/ | effect, which is apparently a classical effect.
The QCT cumulative reaction probability was obtained by
summing the QCPr(j) over all open initial channels. As seen
0.75 =2 kealimol in Figure 1, the overall shape and scale N§(E) is well-

modeled by the classical mechanics. Again, the quantum

I ] tunneling and resonance effects are not reproduced. Despite the
o W/ | generally good agreement of QCT and QM for thg the

pronounced steps irINg(E) are only vaguely seen in the

o
N
~F
»
]

classical simulations. In view of the sharp state-to-state threshold
j behavior occurring at the product threshold energies in the QM
Figure 8. Total quantum reaction probability for Gt HF(v = 3, j) simulation, we conjecture that the failure of the steps to appear
— F + HCI(all) vs j with J = 0 at several total energies measured clearly in the QCT simulations is the result of our neglect to
relative to the CH HF(v = 3, j = 0) channel. include final state quantization conditions. It would be interesting
0.8 to see if the use of a narrow Gaussian binning of the final ro-
| j:? vibrational states could reproduce the staircase structure.
04 | J22 Analysis
| J=4

Adiabatic Capture Model. Guiding insight into the dynamics
of HLH systems is provided by a simple time scale analy&i<!
For a reaction HL+ H' — H + LH’, the diatomic vibrational
motion is generally much faster than the RT motion in the
entrance and exit channels. Likewise, near the TS the asym-
metric stretch (as) frequency4 is much higher than that of
the symmetric stretchv{y). Typical values ar@,s~ 10vss The

j bending motion (b) of the complex shows an intermediate time

Figure 9. Final state summed quantum reaction probabilities fér F~ scale, typicallyvas ~ 3vp, that we have usually combined with

HClI vsj for different values of the total angular momentuhs;: 0—4; the symmetric stretch as a slow variable so that it is treated
the total energy is held fixed & — eo = 4.7 kcal/mol. For clarity, without assuming that its action is conserved. [Since ACI
each successive curve is displaced vertically by 0.2. has an early TS, the “asymmetric stretch” is very nearly the
. ) ) HCl vibration while the “symmetric stretch” closely resembles
Finally, we discuss some results obtained for the- FHCI the translational coordinate.] In the presentFHCI reaction,

— HF + Clreaction occurring at higher total angular momentum  the pending frequency is even lower, which even more strongly
(J). In Figure 9, we plot the reaction probability as a function yalidates this grouping of time scales. Thus, we expect that the
of j for the different values of total. The rotational enhance-  fast vibration can be globally eliminated using the adiabatic
ment is almost identical for the higher valuesJoFurthermore, approximation leaving the translational-(as) rotation-(b)
the cumulative reaction probabilities obtained for O were  gdynamics as the template for the reaction. The difficulty with
found to be generally consistent with the predictions of a simple thjs picture is the reaction itself. Precisely at the barrier energy
JK-shifting scheme adapted to this reaction. The main purpose when the light atom transfers between the heavy atoms) the
of theJ > 0 calculations was to determine if tde= O constraint fast asymmetric stretch frequency goes to zero hera|ding a
of the original simulation produced unphysical artifacts in the c|assical separatrix crossing (or a quantum mechanical avoided
described reaction dynamiCS. Our results show that, in faCt, therecrossing) and the breakdown of adiabatic theory_ This Separatrix
is nothing partiCUlar'y SpeCiaI about tde= 0 case and that the Crossing can lead to |arge and very rapid Changes in the
J = 0 simulations provide a reasonable basis to discuss low viprational action (or quantum number). Previously, we have
Impact parameter scattering. extensively discussed this problem and its solution, and so here
Classical Trajectory Simulations. To help identify purely we merely restate the resuf&3?-55 Using a composite set of
qguantum mechanical (QM) effects in the dynamics, we have entrance/exit channel Jacobi coordinates matched at a surface
also carried out quasi-classical trajectory (QCT) simulations of near the TS, the dynamics are mapped to a set of double well
the reaction dynamics. For the most part, the calculations wereproblems parametrized biR(y). The matching surface is most
implemented using standard methods. The initial conditions for easily set to the ridge of the full PES that passes through the
the HCI@p = 0, j) diatom were selected from a random sampling true saddlepoint. The eigenstates of the double well are found
of the vibrational/rotational phases from trajectories exactly for all values of R, y), and the adiabatic potentiadgR, y) are
satisfying the semiclassical quantization conditions. The orbital the vibrational eigenenergies. If the full state-to-state dynamics
and diatomic angular momentum vectors were chosen to exactlyis desired, then separatrix crossing theory must be invoked to
enforce the conditiod = 0 following the method of Nakamura  follow the motion from the reagent state to the product state.
and co-worker$.The final quantum state populations were not This asymptotic matching process, however, is not required in
extracted from the simulations. the present problem.
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ensemble that crods when propagated using the Hamiltonian
given by eq 3. The subsequent transmission probability of
ultimate passage to products is represented. @jhen we have
the simple capture theory for the reaction probab#fty:
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_ In a previous study of the symmetricalH HI reaction32 we
have found that is reasonably approximated by the constant
= 0.5 independent of energy apdrhis behavior holds true in
the present case as well, although detailed studies using eq 4
demonstrate ex posteriori that the value is approximatety
0.8. A larger value ok is reasonable since  HCl is a very
exothermic reaction. The predictions of eq 4 are plotted in Figure
2, with x = 0.8. It is seen that the capture model very well
reproduces the full QCT results for all energies and all initial
j-states. This result, along with a number of other comparisons
of full QCT to the adiabatic capture theory leads us to believe
that this simple picture of the reaction is accurate.
s Ad_iabatic Dynamic_s of the F_—l— HCI Reaction. We_ now
N = consider the specific interpretation of thet=HCI reaction in
X terms of the adiabatic model. Since we have seen that the
rotational enhancement effect is essentially classical in origin,
we can proceed with a classical picture of the RT dynamics.
(Of course the fast vibration is quantal through the representation
of (R, y)). Ask is reasonably well-approximated by a constant
for all reagent states, the origin of the rotational enhancement
effect must be sought in the capture probabilRy). Thus, the
essential issue is how the rotation of the reagent molecule affects
the T'-curve crossing dynamics taking place on #(&, y)
effective potential. In Figure 11, we show ensembles of
Figure 10. Vibrationally adiabatic potential surfaces. (a) The entrance trajectories with various initial rotational phases in i )
channel surface for B HCI(v = 0), and (b) the exit channel surface  plane, corresponding o= 0 andj = 10, but at the same total
for Cl + HF(v = 3). The coordinates are the entrance/exit channel energy of 5 kcal/mol. Low-trajectories approach the interaction
Jacobi coordinates for (a)/(b). The dividing surfalgi§ indicated by region “vertically” while highj trajectories approach the target
the bold curve aroungd = 0; the contour spacing is 1 kcal/mol. Here, 415 diagonal (or sideways) paths. The protruding ridge of the
and in Figure 11, the range of tirecoordinate is periodically extended diabati tential i n to steer away traiectories that impin
from its natural range of (Q7) to aid visualization. adiabatic potential Is seen to steer away trajectories that iImpinge
on the target with low; so very few trajectories cross the critical
In the entrance or exit channel, the dynamics is well dividing s_urfaceF. High-j trajectories,_ on the other hand, make _
represented by the RT Hamitonian a more sideways att_ack on the barrier _ano! are less d_eflec_ted in
their approach td'. Since the RT dynamics is easy to visualize,
p.2 2 2 it is relatively straightforward to explain the behavior of the
H=_R 4 L +1 4 R y) (3) classical capture probability.
2M - ovr? 2R y) ' The preference for sideways barrier attack (i.e., the efficacy
of rotational energy) can be explained in terms of two contribut-
where the Jacobi coordinateR,(y) are selected appropriately ing mechanisms that can be observed in Figure 11. The first is

for the channelM is the translational reduced mass, a(®, a simple geometrical effect analogous to the familar cone of
y) is the adiabatic energy surface for the state of interest The acceptance picture. A quasi-classical ensemble is composed of
coordinate dependence of the diatomic moment of indi, a distribution of trajectories with the initial rotational phases,

), is generally weak and can usually be neglected. Thus, theyo € (0, x). Ignoring the potential, a fraction these orbifg (
dynamics is that of a conventional rotational scattering problem would cross the critical-curve as they followed straightline
with the potentiale(R, y). In Figure 10, we show profiles of  paths in R, y). This fraction increases withsimply because
the ¢(R, y) computed for FH HCI(v = 0) and Cl+ HF(' = the geometrical profile of th&-curve appears larger from the
3). The reaction is represented by passage into the deep wellsideways direction. By itself, this purely geometrical effect
situated aty = 0 and smalR. The incoming reagent flux must  significantly underestimates the rotational enhancement that is
surmount the barriers guarding the wells for reaction to occur. observed. The second contributing effect is the dynamical
The bent transition state is clearly seen as a saddlepoint on thedeflection of orbits away from th&-curve by the protruding
F + HCI(v = 0) surface. Ignoring recrossing effects, reaction potential ridge. Trajectories approaching the ridge from a vertical
is defined in this reduced dynamics as passage across a curvelirection (lowj orbits) suffer much greater deflection and are
T that is situated along the barrier ridge in thi, ¢) plane. far less likely to cros$’ than those that attack from the sideways
To model the reaction, we assume that the dynamics is direction (highj orbits). The reason for this distinction is the
represented accurately by the RT Hamiltonian up to the critical shape of the potential along the differents paths of approach.
surfacel’. Then, the “capture probability’'R) can be defined Vertical trajectories are likely to impact the ridge in the vicinity
as the reagent flux acro$sdivided by the incident flux. It is of y = 0 where the potential is highly conves?e/dy? < 0,
numerically computed as the fraction of orbits from the and are thus strongly deflected away from the “targEt”
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a scatter sideways from the potential ridge and undergo a complete
internal rotation before crossirlg Other trajectories may first
strike the small backward protrusion of the potentialyat
18C° and scatter acros$. While such indirect (multiple

— scattering) processes are relatively weak, they do play a

g significant role in the reactivity of low-states at higher
translational energies.

Finally we note that the RT dynamics generated by the
adiabatic model is also adequate to explain the ultimate decrease
in reactivity of very high} states. Wherk is held fixed, the
very highj states are characterized By > Eyans and thus

s [dogross] incident t_raject_ories move nearly horizontally in ti f_) plqne.

b i Such trajectories repeatedly encounter the repulsive tip of the
potential barrier and deflected back to laRybefore thd -curve
is encountered.

Adiabatic Dynamics of the Cl + HF Reaction. While the

_ rotational enhancement is an entrance channel phenomenon, we

S have noted that threshold energies of thetCHF(v' = 3, ')

x channels nearly perfectly define the step positions in the
cumulative reaction probabiliti)N3(E). Since N (E) is rigor-
ously equal for the forward and backward reactions, these steps
must then also relate to entrance channel threshold effects for
the reverse reaction. Therefore, we shall consider the behavior
of the endothermic Ci+ HF — F + HCI reaction using the

c v [degrees] adiabatic model. To limit the discussion, we only consider a

; few aspects of the C+ HF(v = 3) case.

The same methodology is invoked to study the-CHF
reaction via the adiabatic capture model as was used for the
forward reaction. However, as seen in Figure 10, the adiabatic

= potential surface for the reverse reaction is vastly different than

o that for the F+ HCI(v = 0) reaction. The critical'-curve has
roughly the same shape as the forward reaction. However, the
protruding ridge seen in Figure 10a is replaced by a deep
adiabatic well in Figure 10b. The well is slightly shielded by a

very small barrier ridge that can easily be overcome either
through translational or rotational energy.
v [degrees] As expected, the RT dynamics exhibited by-€HF(v =

Figure 11. Ensembles of classical trajectories on the adiabatic entrance J) Collisions is quite different from that occurring for the forward
channel potentialE — ¢, = 5 kcal/mol,» = 0, J = 0). The saddle reaction. In order for trajectories to cross fheurve, they first

points on the adiabatic potential are marked withVertical § = 0) encounter the surrounding adiabatic well. If the trajectories
trajectories are deflected from the large ridge (a) but are steered towardpossess sufficient initial kinetic energy, they are relatively
a reactive geometry by the smaller ridge (b). Diagorja=( 10) unaffected by the well (depth-2 kcal/mol) and accelerate

trajectories (c) mostly follow straight paths to reaction, as they move

parallel to the steering force of the ridge directly to the I'-curve. Due to the absence of the large

protruding potential ridge, there is little attenuation by trajectory
Dynamically, the motion is highly unstable and is characterized instability. For moderate or high kinetic energies, the trajectories
by a large local Lyapunov exponent. Thus, while the vertical are thus not appreciably deflected, and the rotational enhance-
trajectories have sufficient energy to surmount the barrier, the ment is due solely to the geometrical effect. This explains the
instability inhibits the system from reaching the critical con- more modest rotational enhancement effect observed in the QM
figuration and therefore attenuates the reaction probability. By simulations of CH- HF(v = 3, ) as compared with the forward
contrast, along the sideways approach, the potential is flat orreaction. Near threshold, however, the adiabatic well does
slightly concave with respect to displacements perpendicular significantly affect the trajectory dynamics. Lowvirajectories
to the orbit and is thus far less unstable. Therefore, a higher(j = 0, 1) with near-threshold translational energies can be
fraction of highj trajectories will proceed undeflected across trapped in the adiabatic well. At highgr the near-threshold
T. trajectories tend not to trap in the well per se but are
Most of the observed rotational enhancement effect is translationally accelerated toward collision (i.e., toward smaller
understood in terms of the direct barrier climbing dynamics just R) by the influence of the attractive well. For sufﬂmently low
described. In the simplest terms, for higktates, most of the  collision energies, the HCI diatom will undergo several complete
energy required to climb the adiabatic barrier is provided by rotations under the strong attractive force from the adiabatic
rotation. Stated differently, the reaction coordinate has a large well. Such trajectories can eventually acquire as much as 2 kcal/

rotational component. Not coincidently, the magnitud®g(f) mol of translational energy. After being translationally acceler-
near threshold (see Figure 2) grows rapidly once the rotational ated, the trajectories undergo a strong collision, and those orbits
energy approaches the adiabatic barrier height (arpan@®). that are properly aimed will cross thiecurve and react. Since

However, a full quantitative description of the reactivity must the saddlepoint o&(R, y) lies about 0.5 kcal/mol above the
also include indirect processes. For example, the trajectory mayasymptote, a fraction of the barrier climbing energy must also
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be provided by rotation. Thus, due to the attractive well, the also carried out preliminary studies of this reaction using a LEPS
reaction probability is large even at threshold. The step structurepotential with a similar 3.8 kcal/mol barrier. The protruding
observed irNg(E) is now seen as a natural consequence of the ridge still exists on the adiabatic surface, but the saddlepoint
dynamics for the reverse reaction. For sufficiently highlarge lies at the collinear geometry. Dynamical simulations suggest
Pr(j) switches-on instantly at threshold due to the adiabatic well. that a comparable rotational enhancement effect also appears
This effect is so strong as to survive in the highly averaged on the LEPS-PES. The geometrical (cone-of-acceptance) and

NY(E). stability attenuation effects do not appear to depend greatly on
the location of the saddlepoint, which rather seem to reflect the
Discussion and Conclusions overall shape of the protruding ridge.

) . . . Finally, we make several preliminary comparisons to other

The success of the simple adiabatic model confirms the ok on the F+ HCI reaction. Quantum reaction probabilities
proposition that the rotational enhancement effect is primarily pove been computed by Tang et?alon the low barrier,
due to straightforward RT dynamics in the entrance channel. ¢ mpirical SayosPES. The quantum wave packet calculations
The detailed structure of the reaction probabilities is found t0 e\ eqjed the rotational enhancement effect exists on that surface
also depend on the RT dynamics of the exit channel due t0 ;i is somewhat weaker than observed for the DHEES.
threshold effects. The fast vibration motion is not essential to \ye speculate that the lower barrier leads to a less prominent
the enhancement nor to most other (classically allowed) aSpeCtsprotruding ridge and hence to less angular deflection of the
of the reaction dynamics. The profiles of the reaction prob- incoming flux. However, Tang et & did note the preference
abilities versus energy are mainly determined by the responseso, |arge bend angle attack, which is qualitatively consistent
of the barrier crossing probabilityP() to the details of the ity the view of the reaction dynamics presented here. This
dynamics for the slow degrees of freedom. The fast vibration \4tational enhancement therefore appears to be a more generic
merely determines the adiabatic potential and sets the value Ofbehavior, not crucially dependent on detailed aspects of the

the nearly constant transmission coefficientAs a corollary,  potential surface. Tang et @found no traces of the resonance
the bending zero point energy of the transition state does notgctyre in the reaction probabilities that we observed in the
contribute to the observed reaction threshold since the rotatlon/quantum calculations, although it is not clear whether their

bending motion is actually more like translational motion in  esolytion was adequate to locate these narrow features. The
surmounting the barrier. While it is perhaps not surprising that \iprational product distribution obtained using QCT simulation
an ear!y TS system such as+ HQI is driven by Fhe RT by Sayos et &' are peaked at HB( =2) rather than in HR(
dynamics, we note that the adiabatic model described here IS—3) as obtained here for low impact parameters. Experiment
not restricted to such systems. Indeed, this model was verypaq jikewise demonstrated that HF£2) represents the largest
accurate for the symmetric+ Hl reaction and can even be  rqqyct channel under therrhkconditions, with significant
successfully used for the late TS system 4CHF. ~peaking in HF¢' =2, j' ~ 10). Interestingly, recent crossed jet

_ The classical trajectory representation of these RT dynamicssyydies of this reactidfi under rigorously single collision

is completely adequate to make semiquantitative predictions of conditions have revealed a surprisibignodal distribution for

the enhancement effect and also provides a simple physicaIHF(U::L 2;j) peaking at both lowj(~ 3) and high  ~ 10)
interpretation. The physical picture behind the enhancement qtational states, which suggests the presence of more than one
effect is similar to the view developed in our earlier treatment gynamical pathway. A detailed comparison between guantum
of the | + HI reaction. Also, the study of Smith and co-  state resolved experimental results and quantum dynamical

worker$®37 of the enhancement effect for @) + HCl using  predictions from the DHNSPES would be clearly interesting
the KMM approximation have generated a model that quantifies 1o pursue, as will be presented elsewSre.

the geometrical enhancement effect. However, the present study

the rotational enhancement, since there is significant deflection gjnjca, the National Research Council of Taiwan, the U.S. Air
by the entrance channel ridge. An advantage of the presentrorce Office of Scientific Research, and the U.S. National
adiabatic model is that once the time scale separation is invoked,science Foundation. M.P.D. gratefully acknowledges graduate
the number of additional approximations is minimized since the fejlowship support from the Optical Sciences and Engineering
full RT dynamics is considered. Moreover, reduced RT dynam- program, administered by the National Science Foundation.
ics is easier to visualize and simulate than is the reaction in
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