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The celebrated 1985 molecular beam measurements for-thelFeaction of Lee and co-workers, consisting

of time-of-flight (TOF) spectra and angular distributions (AD) at several collision energies, have been directly
simulated using fully resolved differential cross-sections (DCS) obtained in accurate quantum mechanical
(QM) and quasi-classical trajectory (QCT) calculations on the most redeimitio potential energy surface

(PES) by Stark and Werner. The simulations performed using the QM calculations show an unprecedentedly
good agreement with the experimental results for all final vibrational states of the HF product. In particular,
the height of the peak in the experimental laboratory angular distribution correspondingute=B)Fjorward
scattering is quite well reproduced by the simulation using the QM theoretical data at all three experimental
collision energies for both para and normal hydrogen. The most important discrepancies between theory and
experiment are found in the H¥E3) sideways and backward scattering. The simulations carried out with
the QCT data, although accounting correctly for the backward scattering, fail to account for most'ofthe

3 forward scattering. The analysis performed in this work indicates that an unbiased comparison between
theoretical and experimental results in the laboratory frame (as opposed to the center-of-mass frame) is required
to assess the quality of a theoretical calculation on a gaemitio PES.

. Introduction DF(v'=4) from F+ D, at 3.32 kcal moi? collision energy?
) For the rest of the vibrational states of HF and DF, the scattering

The F+ Hz =~ HF + ,H reaction has been. a prototype and a5 predominantly in the backward direction. At the time of
continuous reference in the field of reaction dynamics for e measyrements no theoretical calculation, either claésical
decades and has played a key role in both theoretical andorquantum mechanical-11 on any of the existing surfaces and,
expenmfantal studies of regcnve scattering. . . most notably, on the widely used and strongly collinear M5

A major breakthrough in the study of this reaction was potential energy surface (PES)could reproduce the state
achieved in the pioneering high-resolution molecular beam gejective forward peaks observed in the experiments. Partly
experiments reported by Lee and co-workers in T98%series  pocqise of this, and also because of their apparent quantum
of systematic measurements at different collision energies state-specificity, these newly discovered features were regarded

?Aloged th_e alugh(r)]rs to e?ttrr?ct a vcte_ry co_lr%preher;s;ye pchqre Oc: as the most promising evidence of a quantum mechanical (QM)
€ dynamical behavior of the reaction.  The resolution achieved o g5nance in the reactive scatterfrig. The discrepancies

In thﬁse eﬁ)ﬁnrpents WZS unpr_eczdent;ed for thelstudy of _?beetween experiment and theory were attributed to failures of
reaction at the time, and remained so for several years. They oo

results yielded fully vibrationally state resolved differential ) ) .
cross-sections at several collision energies for the- FH, Since then, there have been continuous theoretical efforts to
reaction and its isotopic variants, which were elegantly presentedreprc_)quc%these experimental f|nd|n1%s. The construction of new
as angle-velocity contour plots obtained following the suitable €MPpiricat® and semiempirical PES " allowed the qualitative

transformation from the laboratory (LAB) to the center-of-the- 'eproduction of the DCS forward peaks in both quantum
mass (CM) frame. mechanicaf~1°and classica2%23 dynamics calculations. After

these works, it became generally accepted that the relevant PES
gar this reaction has a bent transition state and a comparatively
at angular barrier to reaction. Moreover, the fact that the DCS

One of the most interesting dynamical features disclosed by
these measurements was the appearance of forward scatterin

peaks in the CM differential cross-sections (DCS) for the HF- A . h .
(+=3) product molecules formed in+ H; reactive encounters forward peaks also appeared in the quasi-classical trajectory

in the collision energy range between 0.7 and 3.4 kcal#nol (QCT) results cast serious doubts on their interpretation as a

A smaller forward peak was also observed for the scattering of manifestation of QM scattering resonances. Nevertheless, the
mentioned dynamical calculations on the new surfaces led to
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Accurate QM calculations performed using this surface could and what remains now is to check the capability of the
account for the electron photodetachment spectra of the FH theoretical calculations to reproduce the experimental observ-
ion obtained by Neumark and co-workéPsyhich sample the ables. It will be shown that this comparison clearly leads to a
transition state region of the potential energy surface. The better assessment of the theoretical resualbsigitio PES and
asymptotic properties of reactive scattering on this PES have dynamical calculations) than a comparison in the CM frame.
also been investigated. QCT calculations for the A, system The paper is organized as follows: section 2 gives a
and its isotopic variants on the SW PE&38 have revealed  description of the methodology used for the simulation of the
substantial accordance with the experimentally deduced CM molecular beam experimental results using the QM and QCT
differential cross-sections and with the product state distributions DCSs calculated on the SW PES. Section 3 contains the results
reported by Lee and co-workers for theHH, reaction and its of theseab initio simulations and the comparison with the
isotopic variantg;3 as well as with the recent higher resolution experimental angular distributions and time-of-flight spectra.
data of Faubegt al. on the F+ D, reaction3®-42 In particular, Some conclusions are given in section 4.

the tendency from backwards to sideways peaking of/H#Z)

scattering with increasing collision energy and the forward peaks !I- Method

inthe DCS of HF{'=3), which had been succesively attributed  The methodology presented here is appropriate for the
to QM resonances, are obtained in these classical calculationssjmylation of direct observables of a crossed molecular beam
The results of the mentioned QCT calculations on the SW PES scattering experiment in the laboratory system from theoretically
seemed to yield a global agreement with the experimental datacalculated rovibrational(,j’) differential cross-sections in the
in the CM frame. CM frame. The experiments to be considered here are those
However, a noteworthy difference between the experimentally of Lee and co-workers on theF H, reactio? performed with
deduced DCS for B- H, and those from QCT calculations on  continuous molecular beams and mass spectrometric product
the SW surface persisted. The theoretical forward peaks weredetection, either as a function of the flight time (time-of-flight
significantly smaller than in the experimental cd%eSubse- spectra, hereafter TOF) or integrated at a given LAB scattering
guent accurate QM calculations performed by Castlial*3 angle over all arrival times (laboratory angular distribution,
on the SW PES showed that the forward peaks were very muchhereafter LAB AD). The simulations have been performed
increased in quantum calculations. This was also indicated by using the QM j' resolved DCSs calculated by Castito al
an earlier comparison of QCT and exact QM differential cross- on the SW PES and the QCT./,j’ DCSs calculated by Aoiz
sections for the F+ H,(j=0,1) reaction on the semiempirical et al. on the same PES.
6SEC PES/-22where the classical forward peaks were again ~ The simulation procedure is similar to that applied befor&
much enhanced in the quantal calculation. Furthermore, thefor similar experiments carried out by Neumatal.2 on the F
forward scattering of HR(=3) in the CM frame seemed to be + Dz and F+ HD reactions and by Faubet al3%#2on the F
substantially more pronounced than in the experiment although+ D2 reaction, employing’,j' resolved DCS obtained in QCT
confined to a narrower range of CM scattering andfesn calculations on several PESSY" 38
addition, the calculations predicted a nonnegligible forward ~A. Simulation of Time-of-Flight Spectra and Laboratory
scattering for’ = 2. The analysis of the forward scattering in  Angular Distributions. The simulation of the TOF spectra of
both QCT and QM calculations indicates that it is associated the scattered HF molecules is carried out by transforming the
with the largest accesible orbital angular momentum that can theoretical CMv/,j’ DCSs into the LAB systeffiand performing
yield reaction. In the QM case, Manolopoulos and co-wofRers the convolution with the experimental distributions of beam
showed that tunneling for high angular momenta, which are not velocities and divergences and detector aperture. In short, the
accessible classically, through the combined centrifugal and signal detected at a given tirhand LAB scattering angl®, as
potential energy barrier is the sole reason for the enhancementan be expressed dg?
of the ' = 3 forward peak found in the QM calculation. In
addition, the analysis of time delays indicates that the peak found(;© ,g) = ZP(j)derffdul dvzfdQ D(RQ,045) X
in the QM cumulative reaction probability fdr= 0, responsible ]

at higher angular momenta of the QK= 3 forward scattering, 2o quz tog
does not correspond to a time delay maximum. Therefore, all ~ f(v,) f(v,) n,(r) nz(r)vrz Z —] ————x
theoretical evidences seem to rule out the original interpretation 5 q=T2\dw prZICOSquI L
of thev' = 3 forward scattering as a manifestation of a reactive H
. t,— (t,— )] H[t,+3)—t ] @1
scattering resonance. [thg = (G = O HI(to + 0) = o] (1)
Except for in a very few recent cas¥s’>the experimental The different integrals are performed by a Monte Carlo

data obtained in the laboratory frame are not well enough sampling of the reagent beam velocities and v, with
resolved to provide a unique and unambiguous set of results indistributionsf(z1) andf(v2) and spatial beam densitiagr) and

the CM frame. In previous work®;3 where the molecular  ny(r), where the position vector refers to a point in the
beam experiments on thed=HD and F+ D isotopic variants  scattering volume defined by the beam divergences and the
of the reaction were compared with the results of QCT geometry of the experimeft.In this equationy is the relative
calculations on the SW PES, the importance of carrying out velocity, upq andw, are the LAB and CM velocities of the HF
the simulation of direct experimental observables in the LAB product, respectively, angq is the angle between,q andw,.
frame to assess the reliability of the theoretical calculation was The summation ovegp extends to all the final rovibrational,j’
clearly demonstrated. To date, no such attempt has been madetates energetically accessible. The summation gverl, 2

for the simulation of the F+ H, raw molecular beam takes into account the fact that, for a given quantum state of
experimental data of Neumask al.2 i.e. HF product angular the products, there might be, at a givénag, both fast and
distributions and time-of-flight spectra in the LAB frame. The slow products in the LAB system (see the Newton diagram in
availability of high-quality QM3 and QCTP2 theoretical results ~ Figure 1). The factor Lhq = todL accounts for the fact that
on a high-qualityab initio PES* provides a unique opportunity  the detected signal is proportional to the number density of the
to carry out such a comparison. The relevant results in the CM HF product molecule$’ wheretyq is the time of flight of the
frame have been already published and discussed elsefliére, products formed in the state before ionization and is the
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Figure 1. (Top) Experimental HF product density laboratory angular
distribution (LAB AD) at 2.74 kcal moi* collision energy. The solid
points are the experimental data. The solid line is the simulation carried
out with the experimentally extracted center-of-mass paranietsirsy

the methodology of the present work. The dashed lines are/the
resolved contributions to the LAB AD, including thé= 3' state (see
text). Signal is in counts-per-second (cps). (Bottom) Nominal kinematic
(Newton) diagram at this collision energy.

flight length. The Heavyside step functiortd(x) (equal to 1

if x> 0 and equal to 0 ik < 0), are used to indicate that only
those timeg,q within the interval o — d,to + J), where 2 =

8 us/channel (the counting time resolutidmre included in a
given channel. The final timeis the sum oty, the neutral HF
flight time from the chopper (located at the entrance of the flight
tube of the detector) to the ionization region andhe HF

ion time of flight inside the mass spectrometer. Finally,
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TABLE 1: Estimated Rotational Temperatures, To:, and
Relative Rotational Populations,P(j), of the H, Reagents in
the Experiments of Neumark et al.

Ecm Trot.
reactants (kcal mol?) (K) P(=0) P(j=1) P(=2) P(=3)
F+ p-Hz 1.84 170 0.80 0.00 0.20 0.00
F+n-H; 1.84 170 0.20 0.74 0.05 0.01
F+n-H, 2.74 260 0.15 0.69 0.10 0.06
F+n-H; 3.42 325 0.12 0.64 0.12 0.12

corresponding weight®(j=0,1,2), are listed in Table 1 and
have been obtained by linear interpolation of previously
measured rotational populations of kiolecules in supersonic
beamé&8 under similar expansion conditions as those used in
the crossed beam experiments of Neunetrél? Since no QM
calculations have been carried out for initial rotational states
> 3, their estimated relative populations were included i (

2) in the simulations. This seems to be a good approximation
given the similarity of the QCT DCSs obtained for 2 and

j = 3 and the low contribution from= 3.

The whole set of experimental data were taken by scanning
the figures of refs 2 and 49. The measured LAB ADs were
given in units of counts-per-second (cps), whereas the experi-
mental TOF spectra were given in arbitrary udit8. To obtain
the latter in units of counts-per-second-per-channel (cps/ch), as
shown in the figures of the present work, and to match the
relative total reactive signal as a function of the LAB scattering
angle, every experimental TOF spectrum at a given LAB
scattering angle was integrated in time and the result was
equated to the point of the published LAB AD at that angle.

Since absolute values for the reactive cross-sections were not
reported in the scattering experiments of Neumerlal. 2 a
direct comparison between the theoretical predictions and the
measurements requires an additional global factor in order to
scale both the simulated TOF spectra and LAB ADs to the
experimental ones. This scaling factor was determined in the
present work by performing a least squares fit of the corre-
sponding LAB AD in order to minimize the difference between
the QM calculated and measured data. The resulting scal-
ing factor, C, is given by C = 3i(wS™ ")y wi(S"*)2,
where (0! ;) and S™°(©! ,;) are the experimental and
QM simulated reactive signals, respectively, at a given LAB
scattering angle®| .5, andw; is the relative weight of each
experimental point in the LAB AD which is given by the inverse
of the statistical variance of the counting rate§l} assuming
a Poison distribution £ = $™. For each of the four

D(Q,0.48) accounts for the cone of acceptance of the detector Scattering experiments here considered-(p-H; at 1.84 kcal/

(aperture of 1.25full width at half-maximum (fwhm)). The

mol and F+ n-H, at 1.84, 2.74, and 3.42 kcal/mol collision

experimental parameters for the simulation have been directly €nergies) the facto€ was obtained by scaling the simulated

taken from ref 2, and a flight length of 33 cm was usetf.

QM LAB AD to the experimental one. The same factor was

The LAB ADs are simulated in a similar way as the TOF @lso used in each case for the respective simulation with the
spectra. The total reactive signal detected at a given scatteringQCT DCSs, since the QCT and QM calculations are directly

angle,Y©O.ag), is obtained by integrating eq 1 over tifté246
as follows:

O pp) =
> PG) S ny(r) ny(r) [dQ D(Q,0,4g) [ [ do; do, x
]

2

d
LY Z(ﬁ)
p g=1,

The results of the different simulations of both the LAB ADs

Ypq @

2
PW,” coSE,,

comparable.

Other scaling criteria have also been tested, such as, for
instance, equating the areas of the experimental and simulated
LAB ADs in the range of angles scanned by the experiment.
Since the integral of the LAB AD is not a cross-section (the
LAB AD intensities are proportional to the HF number density
rather than to the product flux), there is no reason why this
scaling should be preferred to that based on the counting rates
for each measured point. In any case, the scaling factors
resulting from both procedures were found to agree to within
5—-10%.

In order to test the reliability of the method, the LAB AD of

and TOF spectra have been obtained by appropriately weightingthe HF products and four representative TOF measurements

on the initial rotational quantum numbjeof the H reagent, as
indicated in eqs 1 and 2 via the summation oyer The

from the experiment with F- n-H, at 2.74 kcal mot! collision
energy were simulated by employing the experimental CM state
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Figure 2. Experimental time-of-flight spectra at 2.74 kcal mbl
collision energy at the indicated LAB scattering angles: triangles,
experimental data; solid line, present simulation with the experimentally
extracted center-of-mass paramefe®gnal is in counts-per-second-
per-channel (cps/ch) (see text).

resolved differential cross-sections evaluated by Neurabak
(Figure 16 of ref 2). As can be seen from Figure 1, the
simulation of the LAB AD performed using our method
reproduce perfectly the results in Figure 11 of ref 2 when the
same CM data are used. Similarly, the four TOF simulations
shown in Figure 2 resemble very closely those obtained by
Neumarket al. (Figure 11 of ref 49). It must be mentioned
here that the simulations in Figures 1 and 2 were performed
following the approach of Neumask al., wherein it is assumed
that all the H molecules are initially in the most probable
rotational statg¢ = 1 and, additionally, a small contribution is
included from an extra “state” labeled = 3'. In order to get

a good fit of their experimental results, Neumakal. were
forced to postulate thig = 3' state, corresponding to HFE3)
formed from reactants with about 1 kcal mblof internal
excitation (see the Newton diagram in Figure? yhose
scattering would be confined in the backward region. As
pointed out by the authors of ref 2, the possible sources for the
extra energy could be contributions to the reaction from (a) the
spin—orbit excited F{P1;) nonadiabatic channel or (b) rota-
tionally excited H. The possible contribution of the nonadia-
batic channel to the reaction cannot be ruled out completely,
and, in fact, some evidence for it has been found in the
molecular beam experiments carried out iftigen on the F

+ D, reaction3®4% However, if present, and in analogy with
the results obtained for the F D, reaction, this contribution

is expected to be very small in comparison with the ground
state adiabatic channel and confined into a still narrower range
of scattering angle®. The second hypothesis is the most likely,
but in any case is already taken into account in our simulations
by using the DCSs for initigl = 2 appropriately weightecc&
20% for p-Hy). Therefore, in the following simulations with
the theoretical (QCT and QM) results, the hypotheti¢at 3'
state has been omitted.

B. Polar Maps. In the absence of a privileged quantization
axis (such as an external field), the maximum information in
the CM frame consists of a complete set of rovibrationally state
resolved DCSs, as given by either of the calculations used in
the present work (QCT or QM), from which the results in the
LAB frame can be simulated. However, the experimental results

Aoiz et al.
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Figure 3. Comparison between the experimental (solid points) and
the theoretical (solid line) LAB ADs using the quantum mechanical
v',j’ resolved differential cross-sections of ref 43 at 1.84 kcal ol
(top) F+ p-Hgz; (bottom) F+ n-H,. The dashed lines are the simulated
contributions of the different’ states to the total LAB AD. The position
of the average centroid ang®cw is indicated with an arrow.

did not allow the determination of individual,j’ CM differential
cross-sections, and the CM results were cast, instead, in terms
of angle-velocity contour polar maps (triple angteelocity
DCSs).

In order to construct polar maps from the theoretically
calculated CM/'j' state resolved DCSs that are directly
comparable with the ones reported in ref 2, some broadening
needs to be included to account for the lack of rotational
resolution in the experiment. To a good approximation, this
broadening can be incorporated by assuming a Gaussian spread
in the products CM recoil velocity. The CM angteelocity
DCS at a CM scattering angleis then

W — w,\?

_ . d’o
P(w,0) = JZP(J)Z “ ka expg — (3)

Aw,

where the first sum ovgraccounts for the averaging over initial
H, rotational states and the sum owkeextends to all the final
v',j' HF states which are energetically accessible. The experi-
mental resolution inw is thus modeled with a Gaussian
distribution centered in every case \&, the recoil velocity
associated with the internal stéte TheNy are the normalization
constants of the Gaussian profiles. The fwhm, given by 2(In
2)Y2Awi iy, was 16-12% in all cases, corresponding to a HF
CM energy resolution of 2624%. This procedure was used
in previous works to obtain the corresponding QCT polar
maps33

Ill. Results and Discussion

A. Laboratory Angular Distributions. Figures 3 and 4
show the comparison between the experimental LAB AD of
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Figlifle 4. As in Figure 3, but for the F- n-H, reaction at 2.74 kcal  Figure 5. Comparison between the experimental (solid points) and
mol* (top) and 3.42 kcal mot (bottom) collision energies. theoretical (solid line) LAB ADs using the quasi-classigal resolved
the HF products measured by Neumattal? and the simula- differential cross-sections of ref 33 at 1.84 kcal nol(top) F+ p-Hy;

. - . : : (bottom) F+ n-H,. The dashed lines are the simulated contributions
tions carried out using the QM scattering calculations of of the differents’ states to the total LAB AD. For reference purposes,

Manolopoulos and co-workers on the SW PESThe simulated e corresponding total QM LAB AD is depicted as a dotted line. The
AD at each collision energy has been independently scaled toscaling factor is the same for the two theoretical simulations.
the experimental points by means of a least squares fit, as
described in section Il. Each theoretically simulated AD is (¢'=3) and HF¢{'=2), respectively. The relative heights and
resolved into the contributions from the different final HF locations of the peaks change substantially from experiment to
vibrational states, which are shown as dashed lines in the figures.experiment, due to both the different kinematics and the different
In addition, the theoretical simulations of the LAB ADs have reactive state-to-state differential cross-sections.
been extended to negative LAB angles not reported in the In general, the simulations performed using the QM DCSs
experimental measurements where the forward scattering fromcalculated on the SW PES reproduce the main trends in the
V' = 2 appears. The centroid angl®cy, i.e. the LAB angle experimental LAB ADs. The agreement is remarkably good
corresponding to the velocity of the center-of-mass of the three at the largest LAB scattering angle®(xg > 40°). Similar
atoms, is indicated with an arrow in the upper part of each figure. agreement in the backward region is found in the CM frame
This angle roughly divides the LAB scattering space into a low- between the experimental and QM DCSs 6= 1 andv' =
angle hemisphere, associated with forward scattering in the CM2 (see ref 43). On the other hand, the main discrepancies
frame, and a high-angle hemisphere where CM backward between experimental and theoretical results are found in the
scattered HF products are detected (see the Newton diagram irangular region between 6 and°38nd are mostly attributable
Figure 1). to scattering into HR(=3). In particular, the forward peak
The structure of the experimental LAB ADs is qualitatively seems to be somewhat overestimated in the theoretical simula-
very similar in the four cases consideredi{fp-H, at a collision tions, and, more importantly, the = 3 sideways and backward
energy of 1.84 kcal moft and F+ n-H; at 1.84, 2.74, and 3.42  scattering predicted theoretically is smaller than in the experi-
kcal mol™1). It should be noted that the signal in the LAB ADs ment. As the collision energy increases, there seems to be a
is proportional to the HF number density rather than to the flux. better agreement between theory and experiment.
Therefore, the contribution of the highest vibrational states Figure 3 shows the experimental and QM simulated LAB
(smaller LAB velocities) to the AD is enhanced with respect to ADs for the F+ p-Hz and F+ n-H; reactions at the collision
that from the lower states, and this fact together with the energy 1.84 kcal mol. For the F+ p-H; reaction, the most
kinematics of the experiment, which confines the= 3 populated H rotational state i = 0 (80%; see Table 1),
scattering to a small angular range, results in a better detectionwhereas for F+ n-H, it is j = 1 (74%). The experimental
of the HF@'=3) scattering. Thus, the most pronounced feature LAB AD is strongly sensitive to the different initial rotational
in the ADs is the prominent peak at small LAB anglé3 £s population of the K molecules. Clearly, for the B n-H,
between 8 and I, which is associated mainly with CM reaction, the forward peak is lower and the= 3 andv' = 2
forward scattered HB(=3) product molecules. In addition, all  backward peaks are larger than for the-Fp-H, reaction, and
the LAB ADs show two more peaks &, .5 ~ 30 and 50, these features are well-reproduced by the theoretical simulation.
which are associated with CM backward scattering from HF- Although in both cases the forward pe&k g ~ 6—12°) seems
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Figure 8. As in Figure 7, but for the F n-H; reaction at 1.84 kcal
mol~* collision energy.
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43) would lead to the conclusion that it is in the height of the
forward peak where the main discrepancy appears. It should
be noticed, however, that the theoretical CM forward peak is
narrower (more confined in the forward region) than the
experimental peak. Given the limited resolution of the experi-
ment, a broader but smaller CM forward peak, more like the
one evaluated from the measurements, would yield very similar
results in the LAB system. On the other hand, a close inspection
of thes’ = 3 CM DCS reveals that the sideways scatterifigu(

= 40-90°) is smaller in the QM calculation than in the
experiment, and this is readily apparent when the simulation is
performed in the LAB frame. These findings clearly illustrate
the advantage of carrying out the simulation of direct experi-
mental observables in the laboratory frame for an appropriate
appraisal of the theoretical results.

The ' = 3 backward scattering, which corresponds to the
peak at=30° in the LAB system, is also clearly underestimated
in the QM simulation, especially for the # p-H, reaction.
When the comparison is carried out in the CM frame, this lack
of backward scattering is not obvious (see Figure 1 of ref 43).
It should be recalled, however, as mentioned in section Il, that
Neumarket al. included a ficticious/ = 3’ state, presumably

in counts-per-second-per-channel (cps/ch), such that the integrated signal€lated to the participation of Hj>1), to fit their experimental

coincides with the the counting rate obtained in the LAB AD at each
angle.

to be slightly overestimated, an inspection of #aesolved
LAB ADs indicates that the main discrepancies between the
theoretical and experimental ADs can be traced to the/=483)

data; the scattering from this state would appear in this region
in the LAB system and would add to the contribution frem

= 3. At higher collision energies (see below) the = 3
backward scattering is very well accounted for by the theoretical
calculations. In any case, the inclusion:6f= 3’ scattering in

the experimental analysis does not remove the discrepancy found

CM sideways and backward scattering. This is somewhat at smaller®_ag angles, corresponding to = 3 sideways
surprising since a simple comparison of the theoretical and scattering, which seems to remain, although to a lesser extent,

experimentally extracted = 3 CM DCSs (see Figure 1 of ref

at higher energies. It is gratifying to see that the increasé of



Molecular Beam Experiments for + H, — HF + H J. Phys. Chem. A, Vol. 101, No. 36, 199409

2 T T

6

6

. 0
0.6 0.8 0.

oo
o
<
)
<)
kS

Signal {cps/ch)

10° v'=3 8°
. A
V' =
10} 10} 10 3§ 17 e
A a
aa
A a
A
5t 5} 5 A % st
2 e

0.0 0.2 04 06 08 %40 0.2 04 0.6 0.8 0.0 02 04 06 08 %,0 0.2 0.4 0.6 08
Product Flight Time (ms) Product Flight Time (ms)
Figure 9. As in Figure 7, but for the F+ n-H; reaction at 3.48 kcal Figure 10. Time-of-flight spectra at several selected LAB angles for
mol~* collision energy. the F+ n-H; reaction at 3.42 kcal mot: triangles, experimental data;
solid line, present simulation using the quasi-classical trajeatory
= 3 backward scattering in going from-H, to n-Hs is resolved differential cross-sections of ref 37.

theoretically well accounted for by the partipation of higher
states in the reaction; however, the present QM calculations
cannot reproduce quantitatively the scattering in this region in

spite of including an appropriate weighting in initjjuantum the other side of the F atom beam. In this angular region,

num.be.r. . . . . although accessible to the rotatable detector, the experiment
It is interesting to notice that the QM simulations lead t0 a g qved no evidence of a measurable signal. It was concluded
better overall agreement with the experimental AD for thé F - 1h4; 5 negligibles’'=2 forward scattering was produced at all
n-Ho reaction than for the F- p-H reaction. This fact can be  mneasured collision energies and that all the forward scattering
taken as an |ndlcat|o_n that the dynamics on the SW PES_ for was specifically associated with = 3. Indeed this apparent
the F+ Hx(j=1) reaction performs better than for the reaction ,antym state specificity was one of the original reasons for
from ground state hydrogen. the interpretation of the’ = 3 forward scattering as a QM
The QM simulated LAB ADs for the - n-H; reaction at  resonance. However, all the QCT and accurate QM calculations
the higher collision energies 2.74 and 3.42 kcal Thare shown  carried out on PESs with bent transition states and flat angular
in Figure 4. Overall, the agreement between the results of the parriers indicate the presence of a minor forward scattering
QM simulation and the experiment improves as the collision contribution fromy' = 2.17-1943 Specifically, the QM calcula-

is dominated by HR(=3) scattered product molecules. The
Newton diagram shown in Figure 1 indicates that thed4FR)
forward scattering would appear at negative LAB angles, on

energy increases. The QM calculations account fonthe 3 tions on the SW PESgive rise to a nonnegligible contribution
sideways and backward scattering at these energies significantlfrom »* = 2 to the total forward scattering, which is ap-
better than in the experiments at 1.84 kcal mol However, proximately independent of the collision energy. The question

the forward peak is still somewhat overestimated in the LAB js whether the/ = 2 forward scattering predicted theoretically
ADs. Although the height of this peak in the QM calculation \would have been detectable under the experimental conditions
is mainly determined by CM' = 3 forward scattering, as in of Neumarket al.2 especially if one takes into account the fact
the experiment, it also contains a significant contribution from that the kinematics is less favorable for the detection’ of 2
HF(v'=2) scattered at small CM anglefics = 20—50°). This forward scattering and that this scattering will be more dispersed
is in contrast with the analysis of the experimental data, which in the LAB system than that of’ = 3 (see above). The

assigned a lower fraction of HF productsin= 2 in this interval simulations of the LAB AD shown in Figures 3 and 4 also
of LAB angles (see Figure 1, ref 2). It will be shown in the contain the range of LAB angles where the forwatd= 2
simulations of the TOF spectra (see below) that the= 2 scattering would appear, and indeed there is a shallow maximum

scattering theoretically predicted in this range of LAB angles at a LAB angle ofca. —12° at all collision energies. The most
is, however, not incompatible with the experimental measure- extreme case appears to be that of the- F-H. reaction at
ments. 1.84 kcal mot?, where the ratio of the peak heights for forward
The above discussion leads to the important question of thes’ = 3 andv' = 2 scattering is only about a factor 8. The
product state specificity of the CM forward scattering, which hypothetical signal in the’ = 2 forward peak predicted by the
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F+p—H, 1.84 kcal/mol

180°

Figure 11. Theoretical scattering angteecoil velocity contour polar map and 3D perspective for thé p-H, reaction at 1.84 kcal mot using
the quantum mechanical,j’ resolved differential cross-sections of ref 43. The dotted circles represent the maximum HF recoil velocity at each
vibrational state. The separation between the ticks of the axes is 200.m s

QM calculation would be of the order of the signal detected at 2 and, by analogy with the QCT results on the SW PES (see
ca 55°. Since no upper bound of detectability at this range of below), an increase of the = 3 sideways scattering.

LAB angles is given in the paper by Neumagk al.? it is The QCT¢' resolved CM frame DCSs on the SW PES that
difficult to make a definitive statement on the compatibility of were reported in ref 33 seemed to be in pretty good agreement
the theoretical simulations with the apparent absence offany with experiment. Although the forward peak was clearly smaller
= 2 forward scattering. However, it seems unlikely that a LAB in magnitude and more confined into the forward scattering
v' = 2 forward scattering signal as high as the one obtained in region, the general shapes of the DCSs were well accounted
the QM calculation on the SW PES would be lost in the for, especially for/’ =1 andy’ = 2. Figures 5 and 6 show the
experimental noise. Assuming a constant signal-to-noise ratio QCT simulations of the LAB ADs for the four experiments of
(9N) at different LAB angles, the’ = 2 forward scattering Neumarket al. The corresponding QM distributions are also
would have been detectable in most of the experiments with shown in these figures for comparison (dotted curves). It must
n-Hy, although one might expect a poo&N ratio in the LAB be recalled that the QCT LAB ADs have been scaled using the
angular region~—12° given the proximity of the F atom beam. same factors as were used for the QM simulations of each
It is not obvious the reason for the appearance ofuthe 2 experiment, since both sets of theoretical results are directly
forward scattering in the calculations, which, as stated before, comparable in absolute units.

seems to be present in other QM calculations. This might As can be seen in Figures 5 and 6, the QCT simulations
presumably be a consequence of the neglect of-smibit reproduce well the experimental ADs at the large LAB angles
coupling in theab initio calculation of the PES. The inclusion (O®as > 30°). In fact, for all four experiments it is found that

of this effect is expected to raise the barrier, and it is likely to the QCT and QM calculations predict quite similar ADs for
cause a substantial decrease of the forward scattering'irto the HF products in’ = 1 andy' = 2 with @ ag > 20°. The
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F+n—-H, 1.84 kcal/mol

Figure 12. As in Figure 11, but for the A n-H, reaction at 1.84 kcal mot.

main differences between the QCT and QM simulations are allowed. A similar effect can also be envisaged for thes 2
found for the angular distribution ef = 3 and for the forward forward scattering, and indeed the QCT calculations predict a
scattering of’ = 2 which is enhanced in the QM calculation. much lower forward contribution frord = 2 than the analogous
The QCT calculation tends to overestimate the reactive yield QM calculations. By contrast, the QCT approximation gives
at LAB angles close to the centroid, corresponding'te= 3 an excess of' = 3 sideways scattering which is underestimated
CM sideways scattering, especially for the experiment at the in the QM calculations.
two higher collision energies (Figure 6). On the other hand, It is interesting to notice that, at first glance, a comparison
the QCT simulations underestimate dramatically the forward of the QM, QCT, and experimental DCSs in ref 43 would lead
scattering peak for' = 3, the predicted intensity of which is  to the impression that, overall, there is a somewhat better
roughly between 10% (in the experiment withHp-H, at 1.84 agreement between the QCT calculations and the experimental
kcal molt) and 50% (for F n-H, at 3.42 kcal mot?) of the results in the CM frame. However, when the simulation of LAB
experimentally observed value, in strong contrast to the QM ADs and TOF spectra (see below) is carried out, it becomes
calculation. Thus, the difference between the QCT and®@QM  apparent that the QM calculations reproduce the experimental
= 3 forward scattering is fully appreciated when the simulation results far better than the QCT calculations. Once more, one
of the raw experimental data is carried out. should conclude that to obtain a definitive assessment of the
This effect is closely related to a well-characterized limitation quality of a theoretical scattering calculation on a gieérinitio
of the QCT approximation for this reaction, namely, the neglect PES for this and other reactive systems, the most appropriate
of tunneling through the combined centrifugal and PES barriers, comparison with the experiment is in the LAB system.
which has been discussed in previous wrkThe analysis of B. Time-of-Flight Spectra. Figures 79 compare selected
the QM results clearly indicates that the forward scattering is experimental and QM simulated time-of-flight spectra for the
almost exclusively due to the contribution of high angular F + p-H, reaction at a collision energy of 1.84 kcal mbl
momenta, whose values exceed considerably those classically(Figure 7) and for the F- n-H; reaction at 1.84 kcal mot
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F+n—H, 2.74 kcal/mol

Figure 13. As in Figure 11, but for the A n-H, reaction at 2.74 kcal mot.

(Figure 8) and 3.42 kcal mol (Figure 9). Overall, there is  addition, the smal’ = 2 shoulder is well-reproduced in the
good agreement between the simulated and measured spectrsimulations, and this is in contrast with those carried out by
throughout the LAB angular range. However, differences arise Neumarket al. using their final set of CM parameters, which
in the total intensity detected and in the relative heights of the underestimate the contribution from this state at these LAB
different vibrational peaks in each TOF measurement. angles. As th® g increases, the simulated LAB AD forward

In accordance with the results for the LAB ADs, the best peak falls more rapidly than the experimental one (see Figures
agreement is obtained for the TOF spectra measured at large3 and 4), and consequently, the QM simulation leads to a
scattering anglesg ag = 30°). The TOF spectra at intermedi-  significant underestimation of the height of the TOF peak at
ate LAB angles@ as = 12—30°) have one peak corresponding O ag = 10°.
to scattering from’ = 2 and two peaks corresponding to the The performance of the QCT calculations on the SW PES is
fast and slow LAB velocities of' = 3. Thes' = 2 peak is illustrated in Figure 10, where the simulation of the TOF spectra
very well reproduced in all cases, but those/of 3 are clearly from the F+ n-H; at 3.42 kcal mot! are shown. It should be
underestimated in the simulations, especially for the lowest recalled that the QCT spectra have been scaled with the same
collision energy. This confirms the inadequacy of the calculated factor as the corresponding LAB AD (see section Il). The best
QM o' = 3 sideways and backward scattering in the CM frame. agreement with the measurements is found again at large LAB

The TOF spectra a4z = 8 and 10 in each experiment  angles. In the particular case @ s = 38°, the QCT
have only one peak from' = 3 and a small shoulder from simulation resembles the experiment even better than the QM
HF(v'=2) scattered into CM angles between 30 anél 55he simulation (Figure 9). The QCT simulation of the TOF
simulated TOF spectra & s = 8° reproduce correctly the  measurement at 24eproduces satifactorily the = 2 peak,
location, the shape and, to a large extent, the height of thebut the s’ = 3 peak is broader than the experimental one,
measured’ = 3 peak. Only at 3.42 kcal mol collision energy, indicating a significantly hottes’ = 3 rotational distribution in
the simulated peak seems to be slightly overestimated. Inthe QCT calculation. This effect is responsible for the
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F+n—H, 3.42 kcal/mol

Figure 14. As in Figure 11, but for the A n-H, reaction at 3.42 kcal mot.

pronounced maximum in the LAB AD predicted by the QCT frame, even with a shallow maximum in the forward region. In
calculations at LAB angles around the centroitgm ~ 25° addition, thes’ = 3 forward peaks are somewhat higher in the
(see Figure 6). theoretical polar maps. A closer inspection of the experimental
At LAB angles below 20, the QCT calculated TOF spectra polar maps reveals that the= 3 scattering, at a given collision
have a much smaller intensity than the experimental spectra,energy, increases as the CM angle decreases frofp W@@reas
due to the inadequacy of the calculated QCF 3 CM forward in the theoretical simulations, except for the forward peak, the
scattering. The shape of the peaks, however, is correctly scattering is nearly isotropic. This leads to a lackvbf= 3
reproduced in the QCT simulations, showing that the rotational CM sideways scattering, which is detected in the LAB system
distribution for the forward scattered HFE3) is well accounted as the main discrepancy between theoretically simulated and
for in the QCT calculation. experimental LAB ADs. The theoretical = 1 scattering seems
C. Polar Maps. The summary of the information that could to be more dispersed in CM angles than the experimental
be experimentally obtained in the CM frame was presented asscattering, but given the low intensity of this state in the LAB
CM velocity flux contour maps as a function of the CM frame the reliability of the experimentally extracted CM DCS
scattering angle in the original paper by Neumatlal? For is rather limited.
comparison, similar polar maps calculated from the QM fully
v',j' resolved DCSs on the SW PES are depicted in Figures 11 v/ conclusions
14. As in their experimental counterparts, the most salient
feature is the HR(=3) forward peak, which increases as More than 10 years after the cornerstone molecular beam
collision energy increases and is higher for-Fp-H, than for experiment on the F- H, — HF + H reaction by the group of
F + n-H; at the same energy. The main apparent discrepancy,Y. T. Lee, a culmination of theoretical efforts in both quantum
already discussed in connection with the LAB ADs, is the chemical calculations for the constructionadf initio potential
presence of HR(=2) scattering in all directions in the CM  energy surfaces and accurate quantum mechanical scattering



6414 J. Phys. Chem. A, Vol. 101, No. 36, 1997 Aoiz et al.

calculations has provided a scenario capable of reproducing the (13) Takayanagi, T.; Sato, &hem. Phys. Lett1988 144, 191.

experimental observables at an unprecedented level of detail.Ph(ls4)L§tttelcsl;E|365fvlF§-ii%hswenke, D. W.; Brown, F. B.; Truhlar, DGBem.
Although_ there are some interesting discrepancies petv_veen 2’15) Schwenke. D. W.: Steckler, R.; Brown, F. B.: Truhlar, D. 1.

the theoretically simulated and experimental angular distribu- chem. phys1986 84, 5706.

tions and time-of-flight spectra of the HF products, the overall (16) Lynch, G. C.; Steckler, R.; Schwenke, D. W.; Varandas, A. J. C.;

agreement is remarkably good. The limited performance of the Truhlar, D. G.J. Chem. Phys1991 94, 7136.

classical calculations in reproducing the experimental measure-_ (17) Mielke, S. L. Lynch, G. C.; Truhlar, D. G.; Schwenke, D. @hem.

ments for this reaction has also been evidenced in the presenf™s; Lett1993 213 11,1994 217, 173(E).

: . 18) Launay, J. M.; Le Dourneuf, MCPEAC XVI| Brisbane, July 1991;
work. Small adjustments of the potential energy surface, such , 5(49.) Y l Y

as for example including spirorbit effects, promise a final (19) Launay, J. MTheor. Chim. Acta991, 79, 183.
perfect agreement between theory and experiment. In particular, (20) Aoiz, F. J.; Herrero, V. J.; Nogueira, M. M.; & R#®anos, V.
the inclusion of spir-orbit coupling is expected to cause an Chem. Phys. Letl993 204, 359. ' ]
increase and broadening of the barrier that might prevent someChg%) ?r?;/zs' Eét“:iégaerzri%g' J.; Nogueira, M. M./ &a Réanos, V.
of the higher total angular momenta contributing to the reaction. (22) Aoiz, F. J.; Baares, L.. Herrero, V. J.. $a Rdanos, V.Chem.
The consequence would be a slight decrease of the forwardpnys. Lett.1994 218 422.
scattering i’ = 3 ands’ = 2, and also perhaps an increase in (23) Aoiz, F. J.; Baares, L.; Herrero, V. J.; ®a Rdanos, V.Chem.
the v’ = 3 sideways scattering. Phys.1994 187, 227. _
An important conclusion of this work is the importance of e(urze?% Berry, M. J.J. Chem. Physl973 59, 6229, and references cited
performing simulations of the experimental observables in the " >5) perry, D. S.: Polanyi, J. CChem. Phys1976 12, 419. and
laboratory system to assess the quality of theoretical calculations references cited therein.
For many years this milestone experiment was considered (26) Wurzberg, E.; Houston, P. l. Chem. Phys198Q 72, 4811.
the one with the highest resolution for a chemical reaction. _ (27) Heidner, R. F., 1lI; Bott, J. F.; Gardner, C. E.; Melzer, J.JE.
Subsequent improvements of experimental techniques during®hem: Phys198Q 72, 4815.
t 334142 and th f . tal (28) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr,
more recent yea an € use of new expenmenial g a -“Troe, JJ. Phys. Chem. Ref. Dat989 18, 88.
appr(_)ache’é have pushed forward the state-of-the-art, and  (20) weaver, A.; Metz, R. B.; Bradforth, S. E.; Neumark, D.MChem.
practically fully resolved/,j' differential cross-sections can now  Phys.199Q 83, 5352.
be determined. The present and other wt¥R&show thatab gl(1;0) Weaver, A.; Neumark, D. Mraraday Discuss. Chem. Sdt991,
initio simulations of high-resolution experiments are becomin :
f ibl d should 9 P . | off f 9 (31) zZhang, J. Z. H.; Miller, W. H.; Weaver, A.; Neumark, Dhem.
easible and should encourage new experimental efforts for anpp,ys | o199 182 283.
even more detailed understanding of the dynamics of chemical (32) Bradforth, S. E.; Amold, D. W.; Neumark, D. M.; Manolopoulos,
reactions. D. E.J. Chem. Phys1993 99, 6345.
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