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INTRODUCTION

Study of the reaction dynamics of Li+HF, HCI by the
crossed molecular beams method

Christopher H. Becker,” Piergiorgio Casavecchia,” Peter W. Tiedemann,”
James J. Valentini,? and Yuan T. Lee

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720
and Department of Chemistry, University of California, Berkeley, California 94720
(Received 12 May 1980; accepted 2 June 1980)

The reactions of (I) Li + HF—LiF + H and (II) Li + HCl-LiCl + H have been studied by the crossed

molecular beams method. Angular distributions [N(®)] of product molecules have been measured at 4
collision energies (E,) ranging from about 2 to 9 kcal/mole and time-of-flight (TOF) measurements of
product velocity distributions were made at approximately E, =3 and 9 kcal/mole for both reactions (I)
and (II). The combined M®) and TOF results were used to generate contour maps of lithium-halide product
flux in angle and recail velocity in the center-of-mass (cm.)frame. For reaction (I) at E.=3kcal/mole the cm.

angular distribution [7(8)] shows evidence of complex formation with near forward—backward symmetry;
slightly favored backward peaking is observed. The shape of this T(6) indicates there is significant parallel or
antiparallel spatial orientation of initial and final orbital angular momentum L and L', even though with H
departing L’ must be rather small and L~J', where J' is the final rotational angular momentum vector. It is
deduced that coplanar reaction geometries are strongly favored. At E, =8.7 kcal/mole the T(9) of reaction
(I) becomes strongly forward peaked. The product translational energy distributions P(E;") at both these

collision energies give an average E,'of ~55% of the total available energy; this appears consistent with a
theoretically calculated late exit barrier to reaction. The 7(@) at E, =2.9 and 9.2 kcal/mole for reaction (II)
are forward-sideways peaked. Most of the available energy (~70%) goes into recoil velocity at both £, for
LiCl formation. This suggests a late energy release for this 11 kcal/mole exoergic reaction. Both reactions
(I) and (IT) show evidence of no more than a minor partitioning of energy into product vibrational
excitation. Integral reactive cross sections (o) are evaluated by integrating the product distributions in

the cm. frame and using small angle nonreactive scattering of Li as an absolute calibrant. Values of og are:

for LiF formation g, ~0.8 A?and 0.94 A at E_=3 and 8.7 kcal/mole, while for LiCl formation g, = 27
A2and 42 A’ at E_=2.9 and 9.2 kcal/mole, with estimated absolute and relative uncertainties of a factor
of 2, and 30%, respectively. Average opacities for reaction have been estimated from the reaction cross
sections and the extent of rotational excitation of products to be about 0.1 for reaction (I) and 1 for
reaction (II), for L values allowed to react. These results are discussed in some detail with regard to the
kinematic constraints, reaction dynamics, and potential energy surfaces for these two reactions, and related
experimental and theoretical works are noted. In addition, angular distributions of nonreactive scattering of Li
off HF and HCI are measured at 4 different E, each. Rainbow structure is observed at low E, and the
angular distributions are fit by a spherically symmetric piecewise analytic potential. The resulting values
of the potential’s well depth (¢) and minimum position (r,,) are: for Li+HF € = 0.46 kcal/mole and
r,=4.34 A and for Li+HCl € = 0.32 kcal/mole and r,=4.17 A. These results differ significantly from
some earlier estimates based on the measurements of integral scattering cross sections.

gy surfaces and reactive scattering computational meth-

ods and to allow examination of the correlation between

Crossed molecular beam studies of reactive and non-
reactive scattering of the system Li(%S,,,) + HX('Z*, v =0)
(X=TF, Cl) have been carried out at collision energies
ranging from approximately 2 to 9 kcal/mole under single
collision conditions., These studies have been motivated
by a desire to increase our understanding of elementary
chemical procésses in several ways.

As a direct consequence of experimental measure-
ments, information is obtained about the dynamics of
these two particular reactions involving lithium atoms
and hydrogen halides. A more far reaching motivation
is to provide experimental results for a future test of the
accuracies of ab initio and semiempirical potential ener-
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the potential energy surface (PES) of a system and the
reaction dynamics, for a given mass combination. The
Li+ HF system is a good test case because of the sim-
plifications of dealing computationally with only these
light atoms, only one reactive product channel, LiF+H,
is energetically open, and only one PES governs the dy-
namics at collision energies up to ~30 kcal/mole.

A partial PES for Li—F-H was first computed by ab
initio means by Lester and Krauss.! Only the entrance
channel of Li + HF was examined. A particularly inter-
esting result found was the significant attraction of 3.6
keal/mole for a linear Li—F-H configuration, deepening
slightly for a more bent configuration, The interpretation
of the origin of this attraction was ambiguous; it could
be due either to a surprisingly strong electronic
%Sy,2 ~'Z* interaction for a stable triatomic configuration
or simply to the onset of the chemical reaction,

Evidence of a rather strongly bound triatomic system
for Li-F-H, but not Li~C1-H, was put forth by Trenary
et al % in a fascinating ab initio study of Liand Na with
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first and second row diatomic hydrides. The dissocia-
tion energy of the constrained linear LiFH - Li + HF was
estimated to be 4.2 kcal/mole, compared to the reaction
exoergicity of 1.1 kcal/mole. Semiempirical PES have
been reported for LiFH by Balint—Kurti and Yardley, ®
for*’ LiFH and® LiClH by Zeiri and Shapiro. Another
more complete ab initio PES for LiFH recently has been
carried out by Chen and Schaefer.® Two of the more ex-
tensive semiempirical and recent ab initio PES calcula-
tions on Li+ HF also show the existence of a stable LiFH
configuration with D, values of® 2.5 kcal/mole {for Li~
F~H angle of 135°) and® 4.6 kcal/mole (for 114°), differ-
ing from that shown in Figs. 5 and 8 of Ref. 4. These
studies also show the existence of an exit potential ener-
gy barrier for breaking H atom from LiF. At a bent
configuration the height of the barrier of LiFH is small-
est and is calculated to be 10.4,% 12.4,° and 10.0 kcal/
mole, ® relative to the potential minimum for Li + HF. If
the zero point energies are taken into account, the last
value becomes 6.4 kcal/mole.®

In one previous molecular beam experimental study’
of Li+HF, HCl, nonreactive integral cross sections
were measured as a function of Li velocity. Partially
quenched glory oscillations were seen for Li + HCI1, but
not for Li +HF, and by assuming a spherically symmet-
ric interaction with a Lennard-Jones (12-6) potential,
values of €7,,, €, and 7v,, were determined, where € and
¥, are the well depth and the position of the potential
minimum, respectively. The product €7, is in principle
better determined in the analysis of the glory oscilla-
tions than € and 7, independently. Results were for HF:
€=0.10 keal/mole and 7, =4.79 A, and for HCl: €=0.51
kcal/mole and 7,,=4.02 A. For HF, these values differ
somewhat from a calculated spherical averaged interac-
tion potential by Lester and Krauss® (€ =0.06 kcal/mole,
7n=5.0A).

There are several recent reviews of computational
methods for reactive scattering.®%-1° Fully quantum
mechanical caleulations might not likely be carried out
for the Li—-HX systems in the very near future due to
the large number of channels involved. Classical tra~
jectory methods are by far the most common for such
systems. Because LiCl formation is exoergic by ~11
keal/mole and is found to be facile, the classical tra-
jectory methods are likely to be adequate for obtaining
some important features of reaction dynamics from the
potential energy surface. The question of H tunneling
through the exit barrier in LiF formation at low colli-
sion energy which cannot be described adequately by
classical trajectory methods, can provide an important
test of approximate quantum methods. '™ One scatter-
ing calculation has been carried out based on the con-
sideration of coupling coefficients between reactant and
product angular momentum functtons without using a
PES for Li+HF (Ref. 14) reflecting the consequences of
kinematic constraints for this system.

From a more historical perspective on alkali atoms
with hydrogen halides, K+ HBr — KBr + H was the first
successful crossed molecular beams experiment (in
1955). ¥ Unfortunately, little detailed dynamical infor-
mation was obtained for this system primarily due to
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the kinematic constraint forcing the product KBr to
travel very close to the center of mass velocity vec-
tor.'®1? During the 1960’s the reactive!® and nonreac-
tive!®2? geattering of K + HBr continued to receive ex-
tensive attentionfrom several groups. With some im-
provements in apparatus, the center-of-mass (c.m.)
angular distributions 7(8), and product translational en-
ergy distributions P(E'T) were obtained for K+ HBr,
DBr, ® and a rough 7(6) deduced for K + TBr.%!

Most recently, the effect of reagent translational and
vibrational energy on the reaction K+ HCl— KCl +H has
been studied, ® though no attempt was made to determine
the angular and energy distributions of scattered prod-
ucts in the ¢.m. system. This study has shown a drastic
increase in reaction probability with vibrational excita-
tion for this slightly endoergic reaction, while the equiv-
alent amount of translational energy was found to be
much less effective in promoting this chemical reaction.

From a study of the family of reverse reactions
(H+MX ~ HM + X),**2* it was found that these reactions
have very small barriers, the ¢.m. angular distributions
are quite anisotropic, and the reactive cross sections
are modest (1-10 A%). But the conclusions derived were
quite uncertain, due to the poor resolution of the experi-
ments using high temperature beams with thermal ve-
locity distributions.

The electric deflection analysis of the CsBr product
from the Cs + HBr reaction,®'®® has indicated that essen-
tially all of the available angular momentum goes into
product rotation, as expected for this family of reac-
tions.2” Recently the reactivity as a function of the re-
actant rotational state has been investigated for K+ HCI
(v=1, J) (Ref. 28); this experiment suggests that molec-
ular rotation inhibits reactions. The general effect of
the rotational excitation of the reactants on the reactiv-
ity is still not well understood.?® A nonmonotonic effect
has been reported for the Na + HX reaction.®

In this study in order to understand the interaction po-
tentials and reaction dynamics of Li+HF and Li+HCI1
high resolution crossed molecular beams experiments
have been performed. After a description of the experi-
mental conditions in Sec. II, we present the experimen-
tal measurements of nonreactive and reactive angular
distributions for the Li+ HF and Li + HC1 systems at four
different collision energies, and also the results of the
time-of-flight velocity measurements of the reaction
product at two energies for each system in Sec. III.

The methods of analysis of the reactive scattering data
are briefly discussed in Sec. IV, and the results of the
analysis are given in terms of the c.m. angular and
translational energy distributions of products. Alsoin
Sec. IV, an estimate of the nonreactive integral cross
section is given, and the nonreactive angular distribu-
tions are analyzed in terms of the spherically symmet-
ric part of the potential for the Li+HF and Li + HCI in-
teractions. In Sec. V these results are discussed, with
particular reference to the information they contain about
the relation between PES, kinematic constraints, and dy-
namics for these reactions.

J. Chem. Phys., Vol, 73, No. 6, 15 September 1980
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FIG. 1. Beam velocity distributions for the indicated substances
under the experimental conditions, each normalized to unity.
Solid circles are from TOF data and lines are results of para-
metric fits to the deconvoluted distributions for the Mach num-
bers and temperatures given in Table I,

1l. EXPERIMENTAL ARRANGEMENT

The crossed molecular beam apparatus employed in
this study has been described in detail previously. 3132
Supersonic beams of Li atoms seeded in a rare gas car-
rier and of HF {(HC1) molecules, after differential pump-
ing stages, are crossed under single collision conditions
at 90° in a liquid nitrogen cooled collision chember main-
tained at ~1.5%10”7 Torr. The Li source consists of a
tantalum reservoir with a gas inlet tube and a tantalum
nozzle tube attached by electron beam welding. The
reservoir is radiatively heated by a 0.05%2.0 mm
tungsten ribbon wound around eight high purity alumina
posts, which are surrounded by three tantalum radia-
tion shelds. The reservoir temperature is monitored
with a thermocouple spot welded to the bottom of the
reservoir. About 450 W are dissipated in this heater
for attaining a temperature of 960 °C, which corresponds
to a lithium vapor pressure of 27 Torr. The nozzle tube
is heated in a similar way (except that the heater is
smaller—four alumina posts are used); with 170 W a
temperature of 1150 °C is attained. The temperature
of the nozzle must be considerably higher than that of
the reservoir in order to avoid Li, formation in the
beam and Li condensation at the nozzle. Search for
Li, in the Li beams has indicated their absence in our
experimental conditions. Various rare gas mixtures
with different average mass numbers could be flowed
into the reservoir as carrier gases through the inlet
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tube allowing one to vary the Li atom velocity by the
seeded beam technique, and thus vary the collision en-
ergy. The rare gas pressure is usually 1200 Torr.

The inlet tube has a constriction just before entering the
reservoir to ensure a local high gas velocity which pre-
vents lithium from backstreaming, and there is a baffle
inside the reservoir to ensure thorough mixing of the
lithium vapor and carrier gas. The skimmer attached
to the beam source chamber is constructed as a one-
piece skimmer—heater unit, and heated to 500 °C to pre-
vent lithium condensation at the skimmer orifice, It is
not necessary to heat the defining slit which follows the
skimmer, since the amount of lithium deposition is
small even after 2 weeks of operation. The supersonic
lithium beam, produced from a 0.08 mm diam nozzle,
is defined to a 2.3° angular divergence, giving a beam
width of 3 mm at the collision center.

A supersonic HF (HC1) beam is produced from an
oven/nozzle source, which is a resistively heated nickel
tube, maintained at 380 °C to prevent HF (HCI) dimer
formation. At this temperature, the concentration of
the dimers monitored by the mass spectrometer as
H,F* and H,Cl"* are found to be less than 1% of the mono-
mer. The nozzle diameter is 0.08 mm and the angular
divergence of the beam ~3.5°, also giving a beam width
of 3 mm at the collision center. HF and HCI are re~
search grade from Matheson Gas products and are not
further purified. A cylinder of pure hydrogen fluoride
was kept at room temperature so as to yield a stagna-
tion pressure of 740 Torr behind the nozzle. Pure hy-
drogen chloride was used with a pressure regulator to
give a stagnation pressure of 800 Torr.

The velocity distributions of the beams are character-
ized by time-of-flight (TOF) measurement and Table 1
gives the Li, HF, and HC! molecules effective bulk flow
temperature, Mach number, full-width-at-half maximum
(FWHM) relative velocity spread and peak velocity. Also
shown are the four average collision energies (E,) for the
Li+HF and Li+ HCI systems. Typical velocity distribu-
tions of the beams are shown in Fig. 1. The solid line
is a parametric fit to the deconvoluted distribution for
the Mach number and the temperature given in Table I.

Angular distributions of reactively scattered LiF and
LiCl, and elastically or inelastically scattered Li are
measured in the plane defined by the two beams as a
function of laboratory scattering angle © measured from
the Li beam by a rotatable ultrahigh vacuum mass spec-

TABLE I. Beam characteristics and center-of-mass collision energies.

Peak -t
Li beam v/10¢ (FWHM) E, (kealmole™)
Carrier gas T (K) M cm sec™! Av/v Li+HF Li+HCl
He 2116 5.5 35.7 31% 8.7 9.2
85% He+15% Ne 1475 4.7 29.8 35% 5.7 6.9
Ne 545 4.9 18,1 33% 3.0 2.9
Ar 294 5.6 13.3 31% 2.2 1.9
HF 603 8.5 13.1 22%
HC1 620 7.2 9.9 25%

J. Chem. Phys., Vol. 73, No. 6, 15 September 1980
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trometric detector.®! The angular distribution measure-
ments are time normalized by periodically returning the
detector to an arbitrary angle chosen as reference during
the scan in order to account for possible long term drifts
in beam intensity and detector sensitivity. Modulated
background near the hydrogen halide beam (= 15°) is
corrected by counting for equal time with the primary
beam flag open and closed, and subtracting the results.
The amount of this correction varies from a few per-
cent at ©=75° to a maximum of 60% at ©=84° for LiF
produced in the Li+HF reaction at E,=2.2 kcal/mole.

Velocity distributions of the incident beams are deter-
mined by conventional TOF measurements, with the de-
tector aperture reduced from the normal 3X4 mm to
0.13 mm diam to allow a shorter shutter opening period
and maintain a low detector pressure. A chopper disk
of 17.8 cm diam rotating at 200 Hz with eight 1 mm
wide slots is used for all Li, HF, and HC1 beams. This
provides a 6 usec shutter opening period. The data are
recorded with a 255 channel multisclar operating at 2
usec dwell time per channel.

Product velocity distributions at selected angles are
determined by means of two different TOF methods, de-
pending on the signal-to-noise (S/N) ratio. For the high-
est S/N ratio of scattered product (for Li +HCl at E,
=9.2 kcal/mole) conventional TOF measurements are
performed, similar to the determination of the beam
velocity distribution, except with a 3X1 mm entrance
slit. For LiCl scattered from Li+HCl at £,=9.2 kcal/
mole, the flight times from chopping wheel to the detec-
tor range from 110 to 240 usec; the shutter opening peri-
od is 2.5% to 5.5% of the flight time for this system.
This is smaller than the 9% dispersion of length of flight
path (17 ¢m) due to the finite length of the ionization
region (1.5 ¢m). When S/N ratio are low, product ve-
locity distributions are determined by means of the
cross correlation (CC) time-of-flight technique. For
these measurements the product molecules are modu-
lated at the detector entrance aperture (3%x2.2 mm) by
a rotating wheel, the periphery of which is coded with
a pseudorandom binary sequence of open and closed
slots (255 elements). The wheel diameter is again 17.8
cm and the width of each element is 2.2 mm. The effi-
ciency of signal recovery is improved by a factor of
~ 35 for the CC method compared with the conventional
TOF method described above, due to the higher fraction-
al open time (~ 50%) of the pseudorandom chopper com-
pared with that (~1.4%) of the conventional chopper disk.
The CC disk rotates at 326.8 Hz, corresponding to a
shutter function of 12 usec for each element of the
pseudorandom sequence. On-line minicomputer control
and data reduction is used to allow immediate recovery
of the time-of-flight distribution of the product by cross
correlating the modulation function with the measured
spectrum recorded by the 255 channel scalar. The
channel width of the multichannel analyzer is 12 usec,
identical to the opening time of the smallest slot of the
CC disk. Thus at the flight time of our experiment the
CC chopper gives a time resolution of 5-11%. The
uncertainty in the laboratory velocity distributions of
the products caused by both time resolution and flight
path dispersion is accounted for in the data analysis,

Becker et al.: Reaction dynamics of Li+ HF, HCI

performing a deconvolution of the TOF spectra over the
ionizer length, as well as over the finite slit sizes of
the TOF wheel and of the detector.

Aside from the fact that the signal from the electron
bombardment ionization detector is proportional to the
number density of atoms or molecules in the ionizer, it
is also proportional to the ionization cross section and
fragmentation pattern of a given specie and the trans-
mission of the mass spectrometer. The ratios of mass
to charge values m/e 7:42 and 7 :26, which give infor-
mation on the ions coming from dissociative and direct
ionization of the "Li %*Cl and "Li '®F by 200 eV electrons
have been measured at the peak of the reactive angular
distributions at different collision energies. The con-
tribution to Li* coming from nonreactively scattered Li
atoms has been taken into account at the peak angle by
interpolating the rather smooth and monotonic nature of
the nonreactive Li angular distributions in these ranges
(see Sec. III). The following values of ratios of the ob-
served signal have been obtained: m/e 7:42=1.9:1 and
7:26=5.7:1. The relative mass dependent transmission
function of the quadrupole has been determined from the
known fragmentation pattern of frans-2-butene.* The
following relative values of transmission have been ob-
tained (the index indicates the mass in amu): f;=1, fa
=0.58, f;;=0.24. From the above ratios of m/e and from
the determined transmission function, the branching rat-
ios for the ionization process for LiF and LiCl are de-
rived: Li*/LiF*=3.3; Li*/LiCl*=0.34. The latter was
corrected for isotopic contributions. These values are
very close to the results of mass spectrometric investi-
gations of the fragmentation of the LiX vapor system at
high temperatures. Li*/LiX*, from the LiX, was re-
ported to be 3.5 for® X=F and 0.30 for®® X=Cl at an
electron energy of 75 eV.

The laboratory angular distributions of LiCl are mea-~
sured at m/e =42, using counting times between 10 sec
(at E,=9.2 kcal/mole) and 40 sec (at E,=1.9 kcal/mole
at each angle, giving a S/N ratio of 100 and 35 at the peak
of the distributions, respectively. Angular distributions
of LiF product are recorded at #/e = 26 only at the two
highest collision energies, namely, E.=8.7 and 5.7
kcal/mole. With 60 sec counting time, S/N is 15 and 9,
respectively. Product counting rates at the peak of the
angular distribution for /e =42 and m/e = 26 were
typically 1850 and 60 counts/sec for the experiments
with highest collision energies. At the two lowest colli-
sion energies, signals at m/e =26 for LiF are too low,
thus the angular distributions of LiF are obtained from
the m/e="1 angular distributions (see Sec. III). Typical
counting times for the m/e =7 angular distributions are
between 20 and 60 sec for both systems at the highest
and lowest collision energy, respectively. A total of
four to six scans are carried out for each angular dis-
tribution measurement.

The velocity distributions of the LiF and LiCl products
are obtained at m/e =17, taking advantage of the favorable
branching ratio and higher transmission of Li*. Since the
reactively scattered LiX and nonreactively scattered Li
have distinctly different laboratory velocities, the TOF
data is capable of distinguishing between reactive and

J. Chem. Phys., Vol. 73, No. 8, 15 September 1980
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FIG. 2. Exemplary Newton diagrams for Li+HCl at E;=9.2
kecal/mole. The solid relative velocity line (vy; —Vgc,) corre-
sponds to the most probable velocities, while dashed lines in-
dicate the FWHM velocity spreads. The v and © are laboratory
velocity and scattering angle, while ¥ and 6 are c.m. quantities
The circles represent the maximum energetically permitted
ufic1- Primed quantities are final values.

nonreactive m/¢ 7 signals, At E_=9.2 kcal/mole the
m/e =42 1iCl TOF spectra also were recorded at m/e
=42 in order to check the m/e=7 data. The TOF peak
corresponding to elastically scattered lithium is not de-
tectable at a large scattering angle for the Li+HCI sys-
tem where reactive signals are dominating, indicating a
very large depletion of nonreactive lithium intensity due
to chemical reaction, while the elastic signal is present
and distinct for the Li + HF system at all angles. Typi-

Li+ HF

c = 8.7 kcal /mole

ARBITRARY UNITS

N® ,

LAB SCATTERING ANGLE, @

FIG. 3. Measured angular distributions (open circles) at m/e

7 for Li+HF at four collision eqergies with exemplary error
bars of +2 standard deviation of the mean. The “hump”’ around
the indicated center-of-mass position is due to reactive scatter-
ing (see text), Solid lines are fits to the nonreactive scattering,
described in Sec. IVC.
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FIG. 4. Same as Fig. 3 except for Li+HCI,

cal recording times are 90 min at each angle for the con-
ventional TOF of Li* from LiCl at E, = 9,2 keal/mole and
5 to 60 min for the cross correlation TOF of Li* from
LiCl and LiF at the other energies studied.

I1l. EXPERIMENTAL RESULTS

The velocity distributions of the reactants measured
by the TOF method are shown in Fig. 1. The solid circles
are the data transformed from time to velocity space and
the line is the best fit distribution convoluted over the ex-
perimental resolution. The parameters which describe
the fitted distributions are those of Table I. An exem-
plary Newton diagram displaying a kinematic system is
shown in Fig. 2. The effect of the velocity spreads of
reactants has been indicated in Fig. 2 by drawing two
more Newton diagrams about the nominal velocity vec-
tors—the most probable values. The extreme velocities
of Li used represent probabilities of finding 50% of beam
intensity relative to the peak. The v and © are labora-
tory velocity and scattering angle, while « and 6 are
c.m. quantities.

The angular distributions recorded at m/e 7 for four col-
lision energies are shown in Fig. 3 for Li+ HF and Fig.
4 for Li+HCI. The “hump” in the data near the direc-
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tion of the velocity of center-of-mass of the system is due
to fragmentation of reactively scattered LiX in the ion-
izer. The other dominating feature is the nonreactive
scattering of Li at small angles. Some rainbow struc-
ture can be seen in the nonreactive data at low collision
energies. The solid lines represent a fit to the nonreac-
tive data, described in Sec. IVC.

The laboratory angular distribution N(©) of LiF are
shown in Fig. 5 for the four E_.. The two highest E,
distributions are at m/e 26, while the lower E, N(©) are
from m/e T measurements obtained from the “hump”
in Fig. 3 by subtracting the contribution of an assumed
smooth variation in the nonreactive scattering angular
distribution. Comparisons of reactive N(©) for the other
systems obtained by this subtraction method with direct
m/e 26,42 measurements show this is a reliable means
for obtaining the low signal N(6©). The data are the cir-
cles with representative error bars of x2 standard de-
viation of the mean (~95% confidence limit) while the

T T T

Li+HF — LiF+ H
EC=8.? kcal /mole

—t
1000 m/sec
m _

.26
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L
T I J‘ 57
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+ e B

i Vl__l ﬁ .
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FEF 60 Tx 87 90
LAB SCATTERING ANGLE, ®

FIG. 5. Measured angular distributions of LiF product (solid
circles) with error bars representing +2 standard deviations of
the mean (~ 95% confidence limit)., Nominal Newton diagrams
and beam and c.m. positions are shown for the four E,. Low
signal data are recorded at m/e =7 (see text), Solid lines are
fits to the data discussed in Sec. IV B.
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FIG. 6. Same as Fig. 5 except for LiCl product all measured
at m/e=42.

solid lines are fits to the data discussed in Sec, IV B.
The nominal Newton diagrams are shown and arrows
mark the beam and c¢. m. positions. The low E, data
show a bimodal structure indicating formation of a com-
plex living comparable to or longer than a rotational
period, with a slight preference for scattering in the
backward direction with respect to Li motion, This dis-
appears at higher E, where the distribution shows a
weighting toward the forward direction. Figure 6 is the
similar figure for the N(8) of LiCl recorded at m/e 42.
These distributions show forward scattering of LiCl.

The TOF results at different E, and © for LiF and
LiCl are displayed in Figs. 7-10. The data shown are
for w/e 7 except for one angle shown in Fig. 7, 0= 40°,
where w/e 26 was measured, but the channel numbers
are adjusted for the differences in the flight times. The
TOF of LiCl at E, =9.2 kcal/mole were recorcad also
at m/e 42 which agreed with m/e 7 data. Again, the data
are solid circles with representative error bars while
solid lines are the fits to the data discussed in Sec. IVB.
Data in Fig. 9 were obtained by the single shot time-of-
flight method with 2 psec channel width. Figures 7, 8,
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FIG. 7. Measured TOF spectra (solid circles) of LiF at E,=
=8, 7 kcal/mole at different laboratory scattering angles mea-
sured at the indicated values of m/e. The cross correlation
method was used. Solid lines are fits to the data discussed in
Sec. IVB. Fast peaks are nonreactively scattered Li (dashed
lines are drawn through the experimental points for clarity).
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and 10 used 12 usec channel widths characteristic of the
cross correlation wheel. A test comparison of the two
techniques for LiCl at E,=9.2 kcal/mole showed good
agreement. The time scale represented by channel num-
bers also contains the ion flight time of Li* from the ion-
izer through the quadrupole mass spectrometer to the
scintillation-type ion counter. The velocity scale shown
has been corrected for this ion flight time and thus cor-
responds to the actual velocity of the LiCl (LiF) product.

IV. ANALYSIS OF EXPERIMENTAL RESULTS

A. Reactive scattering: Center-of-mass angular and
velocity distributions

Two methods are used for the derivation of ¢.m. angu-
lar and velocity distributions of reaction products from
the laboratory angular distributions and time-of-flight
measurements of velocity distributions. The direct de-
convolution of experimental results developed by Siska®’
based on the iterative ratio method is quite convenient,
but it is also very sensitive to the noise in the data. Only
for the results of Li+HCl— LiCl+H at E,=9.2 kcal/mole,
which represent the best data in this series of experi-
ments, was the direct deconvolution found to be success-
ful. For most of the data, we have relied on the forward
convolution to find the range of the best fit center-of-
mass distributions which give good agreement with the
experimental results.

1. Li+HF > LiF+H

Pata for both energy systems (E,=3.0 and 8.7 kcal/
mole) have been analyzed by using a forward convolution
trial and error fitting technique in which the ¢.m. angu-
lar and energy distributions are input as trial functions.
The corresponding laboratory angular and TOF distribu-
tions are then calculated and compared to the experimen-
tal data. The experimental resolution broadening, due
to the TOF wheel and detector slit sizes, wheel velocity
and ionizer length, and spread in beam velocities, is
taken into account. The original trial function is ad-
justed and the process repeated until a satisfactory fit
is obtained to both the TOF spectra and the angular dis-
tributions. The appropriate equations and basic meth-
odology of forward convolution have been well discussed
elsewhere.?®

The c.m. product distribution is assumed to be sepa-
rable into the product of a translational energy and angu-
lar part:

I, w(8,Er)=P(E7) T(6) . 1

Although P(Ez7) could depend on the detailed distribution
of E, for a given nominal E_,3® dependence of P(E}) on
E, distribution has been neglected for these systems due
to the relatively narrow beam velocity distribution, and
slight sensitivity to trial calculations assuming the con-
verse. Coupling between the energy and angular distri-
butions is expected to occur for some reactions, but is
often difficult to detect. For reactions which proceed
through a long-lived complex the coupling is not impor-
tant. For the systems under study the uncoupled approx-
imation appears to be satisfactory. '
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Li+HF—LiF+H
Ec =8.7 kcal/mole

0 1 | ] | i
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C.M.SCATTERING ANGLE,8
FIG. 11. Best fit (a) translational energy and (b) angular dis-

tributions (solid lines) for Li+HF — LiF +H at E,=8.7 kcal/mole.
Shaded area represents the limits of acceptable fits to the data,
The exoergicity (AH) is shown in part (a) as is the total energy
available (E,) estimated by the sum of the recommended value
value of AH and the nominal E, and the maximum available
energy (ET2) given by the sum of the upper bound estimate on
—AH and the maximum E_ obtained from 3% values of the beam
velocity spread.

The best fit calculations to the experimental angular
and TOF distributions are shown as solid lines in Figs.
5 and 7 and Figs. 5 and 8 at E,=8.7 and 3.0 kcal/mole,
respectively. Figures 11 and 12 show the resultant
T(68) and P(E;). The final result of the data fitting analy-
sis is a c.m. contour map of product flux as a function
of angle and product recoil energy. After a straightfor-
ward transformation to convert the flux distribution
from an energy space to a velocity space, the c.m. con-
tour map I, , (6,u) is represented in the usual form su-
perimposed on the Newton diagram. The results are
shown in Figs. 13 and 14. The slight energy dependence
of the reactive cross section was accounted for in this
analysis. The absolute integral reactive cross section
g has been estimated to be 0.80 and 0.94 A% at E,=3.0
and E,= 8.7 kcal/mole, respectively (see Sec. IVC).

A linear energy dependence has been assumed and used
in fitting the two systems.

The transformation of the ¢.m. flux I, _ (8,%), to
laboratory number density N(9,v), is given by*

N©,v)=(w/u®) I, . (8,4) .

The effect of the Jacobian v/u? for the coordinate trans-
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FIG. 12. Same as Fig. 11 except for the nominal E,=3. 0 kcal/
mole,

formation is seen in the strong enhancement of the low
energy product. While the product flux actually peaks
fairly well removed from the center-of-mass vector on
the relative velocity axis, as seen in Figs. 13 and 14,
the observed laboratory signal, which is proportional
to N(©,v), falls off rapidly away from the c.m. angle.

The fits to the laboratory angular distributions are
quite good at both energies. At E,=8.7 kcal/mole a
good fit to the TOF data is also obtained (Fig. 7). Here
the peak at high velocity at each angle is due to Li non-
reactivity scattered from HF. At ©=40° this peak is
not present since LiF" has been detected at this angle.
The nonreactive peak is barely distinguishable at E,
= 3.0 keal/mole, because of the low signal intensity and
consequent noisy data (Fig. 8). Because of the uncer-

. ! Li + HF—~LiF + H
o E.=87 kcal/Mmole
/// ¥
ok I ] o |
0 0.5 10 3.0

1, (IO5 cm/bec)

FIG. 13. Center-of-mass LiF product flux contour map super-
imposed on the nominal Newton diagram for E_=8. 7 kcal/mole,

derived from the best fit analysis (forward convolution method).
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FIG. 14. Same as in Fig. 13 except for LiF at E =3.0 kcal/
mole,

tainties of the data at this lowest collision energy the

fit to the reactive product TOF has been only to repro-
duce the peak position. The sensitivity of the TOF data
to the best c. m. distribution functions is low at both
collision energies, but especially at the lowest one.

The calculated TOF distributions vary negligibly within
the uncertainty limits shown in Fig. 12 forthe c.m.
functions at E,=3.0 kcal/mole. Because the sensitivity
of the laboratory angular distribution N{8) to P(E;) and
T(6) is strong (partly because the data obtained is higher
quality) the low quality of the TOF data at this energy
does not represent a significant drawback in the analysis
process.

In Figs. 11(a) and 12(a) the arrow indicate the total
available energy E,,, defined by E, , =E_+AH, where
E_ and AH are the canonical collision energy and reac-
tion exoergicity, respectively. For the reaction Li + HF
~LiF +H, AH=~1.1%2 kcal/mole.*" Also shown in the
same figures is the upper limit of the total energy avail-
able ETY, defined as ETy =ET* + AH™  where EP** is
the collision energy corresponding to the largest Newton
diagram (3% of the canonical) (see, for instance, Fig. 2)

. and AH™* ig the upper bound of the exoergicity (AH™*

==~ 3.1 kcal/mole). The shaded zones in Figs. 11 and
12 represent the limits for c.m, functions which give
reasonable fits to the data.

The following comments are appropriate regarding
Figs. 11 and 12, The c.m, angular distribution T7'(9)
at £,=3.0 kcal/mole is not quite symmetric. A slightly
higher intensity appears in the backward hemisphere.
A symmetric (around 8 =90°) 7'(9) curve gives a calcu-
lated N(©) to high at 8<@,,,,. The data and best fit are
shown in Fig, 5. The relative intensity of 7'(9) in the
forward and backward hemisphere is confined within a
very narrow range; decreasing or increasing T'(f) in a
symmetrical manner about 8 =90°, within the indicated
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dashed lines [Fig. 12(b)], does not significantly affect
the fit, This moderate insensitivity is due to the kine-
matic constraint, finite beam velocity spreads, and
small amount of available energy. This explains also
the low sensitivity of the TOF data to T(#). Making the
upper dashed T (9) shallower [Fig. 12(b)] cancels the
double peak feature in the calculated N(©). Making the
lower dashed 7'(8) deeper produces the opposite effect,
namely, a more pronounced bimodality in the N(©) with
a simultaneous slight broadening of the entire angular
distribution. The c.m. angular distribution of E_ =8.7
kcal/mole [Fig. 11(b)] indicates that a large amount of
product is appearing in the forward direction, but a sig-
nificant amount (~33%) is still present in the backward
hemisphere.

The translational energy distributions P(E}) peak at
approximately the same value (~2 to ~3 kcal/mole) at
the two collision energies [Figs. 11(a) and 12(a)]. How-
ever, the distributions peak at approximately 20% and
60% of the total available energy E,,, at E,=8.7 and 3.0
kcal/mole, respectively., These recoil energy distribu-
tions do show a clear change as the collision energy is
increased. At E,=3,0 kcal/mole the P(E}) rises
smoothly from zero to its maximum at ~2,5 keal/mole,
then falls off rather rapidly. The fit is not too sensitive
to a simultaneous variation of the low and high E’ tail of
P(E4) symmetrically [Fig. 12(b)], similar to 7(9). But
the low or high E% tail can be varied independently only
within a small range (<20% of the shaded area) without
producing a poor fit. At E_=8.7 kcal/mole the P(E})
appears broader, rising from ~0.8 at ~0 kcal/mole to
1.0 at ~2 kcal/mole and then falling off not as rapidly
as for E,=3.0 kcal/mole.

The average product translation energy
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FIG. 15. Same as in Fig. 11 except for Li+ HCl— LiCl+H at
E_,=9.2 kcal/mole.
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FIG. 16. Same as in Fig. 11 except for Li+Cl— LiCl+H at E,
=2.9 kcal/mole. Regions of distributions giving acceptable fits
to the data are not estimated due to the lower quality of the data
and somewhat poorer fit with respect to the 9.2 kcal/mole re-
sults.

is, however, ~55% of the total available energy E,,, for
both collision energies.

2 Li+HCI—>LiCl+H

The best fit calculations to the experimental angular
and TOF distributions are shown as solid lines in Figs.
6 and 9 and in Figs, 6 and 10 at E,=9.2 and E,=2.9
kcal/mole, respectively. The 7(8) and P(E%) which give
the best fit to the data, are reported in Figs. 15 and 16.
The contour maps of product flux I, (6,«) generated
from these 7(9) and P(E%), are shown in Figs., 17 and

/ Li + HCP—~LiCP+ H
o E. =92 keal/fmole

/' I3
i L 1 I

% 05 0 '30

v (10° cm/sec)
|

~—

FIG. 17. Center-of-mass LiCl product flux contour map super-
imposed on the nominal Newton diagram for E =9.2 kcal/mole,
derived from the best fit analysis (forward convolution method).
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FIG. 18. Same as in Fig. 17 except for E_ =2.9 kcal/mole.

18. Since the absolute integral reactive cross section

or has been estimated to be 27 and 42 A? for this reac-
tion at E,=2.9 and E_=9.2 kcal/mole, respectively (see
Sec. IVC), the substantial dependence of the reactivity
upon the collision energy was taken into account in the
best fit analysis, in an assumed linear form. This en~
ergy weighting makes the most probable Newton diagram
for reaction somewhat larger (~6%) than the nominal
most probable Newton diagram which is obtained by max-
imizing the quantity

fi=ny)n@,) £ () (Uf +v§)1”‘ ’

where f, is the weighting factor for the ith Newton dia-
gram. The n(v;) and n(v,) are the number density veloc-
ity distribution functions of the two reactant beams,

f(¥) is the distribution function for intersection angle

v, and (v¥+vE)!/? is of course the relative velocity of

of two reactants (for ¥ =90°). The cross section weight-
ing also makes the most probable collision energy some-
what larger (~12%) than the nominal collision energy,
which is shown in Figs. 6, 9, 15, and 17 for E_=9.2
kcal/mole. At E,= 2.9 kcal/mole this effect was ne-
gligible.

The fit to the experimental data is considered particu-
larly good at the highest energy (see Figs. 6 and 9).
The high quality of the data results in fairly small error
bars in the best c. m. distribution functions determined.
The shaded zones in Figs. 15(a) and 15(b) again repre-
sent the limits for P(E4) and T (9) which still give a rea-
sonable, although poorer, fit to the data. The P(E%) ap-
pears very broad, extending to the thermodynamic limit.
For the reaction Li+HCl—~ LiCl+H, AH=~-11,3+3 kcal/
mole.*' The 7'(9) is quite anisotropic and peaks at
~40°-50°) in the forward direction for E,=9. 2 kcal/
mole. This feature is particularly interesting, since
T (@) reflects some characteristics of the PES which
governs the reaction (see Sec. V). The sideways peak-
ing of the product angular distribution with respect to
the incident Li atom can be more clearly seen in the
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c.m. contour map (Fig. 17). A similar result was ob-
tained by direct inversion of the data as discussed later
in this section (Fig. 19).

The fit to the low energy data (E, =2, 9 kcal/mole) is
not quite as good as for the high energy case. It has not
been possible to improve the fit to N(©) (Fig. 6) without
making the fit to the TOF data (Fig. 10) somewhat
poorer, Nevertheless it is considered satisfactory since
the reaction seems to proceed with the same mechanism
for both E,=9.2 and 2.9 kcal/mole. In fact the best fit
P(E}) [Fig. 16(a)] appears very similar to the one ob-
tained for the high energy case; namely, it is very
broad and extends to the thermodynamic limit, The
T(0) [Fig. 16(b)] also is very similar, being within the
indicated error bars of the high energy T(9) [Fig. 15(b)].
Because of the lower quality of the data and the poorer
fit, no error bars have been determined for this system,

A much higher sensitivity of the TOF data to the ¢.m.
functions is observed for HCI than HF because the Li
+HC1—- LiCl + H reaction is much more exoergic and a
larger amount of available energy appears in translation
even though the LiCl product is heavier than LiF, The
P(E%) distributions peak at approximately the same value
(~60%) of ET**(~80% of E,,,) at both collision energies.
The average product translational energy [Eq. (2)] is
~50% of ETa* (~70% of E, ,) at both collision energies.

For the Li+HCI system we notice the negligible con-
tribution of the elastic peak in the TOF data, recorded
at m/e =1 (Figs. 9 and 10). If present it should have
appeared around channel 45 at © =55° at E,=9,2 kcal/
mole and around channel 5 at © =70° at E, = 2,9 kecal/
mole. This fact indicates a strong depletion of the elas-
tic scattering due to the chemical reaction and will be
discussed in Sec. V.,

The deconvolution method developed by Siska®” allows
I ..(6,u) to be obtained directly from the experimental
data, without any assumption about the form of the c. m,
distribution, However, this method is very sensitive to
the noise in the data and thus may produce spurious re-
sults in the c.m. flux contours, unless the input data is
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FIG. 19. Same as Fig. 17 except derived from direct decon-

volution of the N(8) and TOF data by Siska’s ratio method.
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free of significant noise or subjected to extensive
smoothing. This last operation can distort the data and
reduce its information content and cannot be applied in
general. The difficulty of direct inversion of the data
with Siska’s method becomes especially serious for cases
where most of the product lies close to the ¢, m, vector,
as in the systems under study. The deconvolution meth-
od could be applied successfully only to the high resolu-
tion data obtained for Li + HC1 at the highest collision
energy, E.=9.2 kcal/mole. From the angular distribu-
tions of LiCl shown in Fig, 6 and from the TOF velocity
analysis of LiCl shown in Fig. 9, the c.m, contour map
of LiCl product flux I, , (f,u) has been constructed. The
result is shown in Fig. 19, Smoothing of the somewhat
noisy TOF spectra has been carried out. The energy
dependence of the reactive cross section has been taken
into account, The results shown in Fig. 19 indicate that
the LiCl product is mainly scattered sideways in the for-
ward hemisphere with respect to the incoming Li atom
beam [peak around ~50°-60°]. Such a feature might
suggest that the PES favors a nonlinear approach, This
result confirms the interesting finding obtained from the
best fit analysis described above (see Fig, 17) and is dis-
cussed in Sec, V. The laboratory data calculated from
the deconvoluted ¢, m. flux distribution reported in Fig.
19 fit very well the experimental N(8) and TOF data,

The lower resolution of the cross correlation TOF
data and the unfavorable kinematics of these hydrogen
departing reactions has not allowed reliable application
of the inversion procedure for the other systems investi-
gated,

B. Nonreactive scattering: Spherically averaged
interaction potential

The m/e =7 angular distributions reported in Figs, 3
and 4 at four different E, for the Li + HF and Li +HC1
system, respectively, are the results of elastic, inelas-
tic and reactive collisions between Li atoms and the hy-
drogen halides. The effect of reactive encounters is
clearly discernible at large angles as a hump in the angu-
lar distributions; here the m/e =17 intensity is coming
from the fragmentation in the ionizer of the LiX product.
In the corresponding angular range, depletion of the non-
reactive signal occurs. From the analysis of these non-
reactive angular distributions interaction potentials can
be determined. The characteristic oscillations which
appear in the differential cross section (rainbow struc-
ture) may be partially damped by the potential anisot-
ropy, and by the extent of the reaction probability for
impact parameters near the rainbow impact parameter.
When these damping effects are not severe, the rainbow
extrema can provide informationon the spherically sym-
metric portion of the potential. Since total cross sec-
tion velocity dependence measurement’ show no quench-
ing of the glory undulations for Li+HF and only partial
quenching for Li + HCI, we do not expect much quenching
of the rainbow structure for Li+HF and probably little
for Li + HCL.

The experimental results of Figs, 3 and 4 were ana-
lyzed by finding the best parameters for a flexible piece-
wise analytical potential form that would reproduce the
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data in a single channel scattering calculation. Two
Morse functions, a switching function and the van der
Waals dispersion expansion are used for the descrip-
tion. The reduced form of this Morse-Morse-SW-van
der Waals (MMSV) function is

f&)=VorVe, x=v/7m,

Fx)=exp[28,(1 - x)] -2 exp[B;(1 -x)] (0O<x=1)
=exp[28,(1 - x)] -2 exp[Bo(l - x)] =M, (x) (1<x<x,)
=SW(x) Mp(x) +[1 ~SW(x)] W(x) (x;<x<x,)

== Cg,/n® = Cg, /x8=W(x) (xy=x<=)

and
SW = —;—[cos (Zf:—:;l)-)) + 1] ,

where C,, =Cq/(€7%), and Cq, =Cy/(€73); € and 7,, are the
depth and position of potential minimum. The C, (» =6,
8) constants of the long range potential are given by the
dispersion portion C, 4,, plus the induction portion
Cooimat Co=C, a1sp+Chp,ina- The van der Waals Cg g,
constant is estimated by the Slater—Kirkwood formula*
for effective number of electrons

3 a(Li) ¢ (HX)

Covaten = 5 T (La)/N(LOT2 + [ (HX)/NEOTTE *

where a(Li) and a(HX) are the polarizabilities of Li
atom*® and HX (X=F, Cl),** respectively, and N is the
number of outer shell electrons [N(Li)=1; N(HX)=8],
The Cg, 414, CONStants are estimated from the Cg/C; ratio®®
for He (2!S)+Ne and Ar, and Cg 4, of the Li +HF and
HC! interaction, respectively. The C;; term was ne-
glected entirely due to lack of information and to small
contribution, The dipole induced dipole Cg,,,4 constant

is estimated by the use of the Debye equation, 46 which
for our case reduces to

Co,1aa= a(Li) p?(HX) ’

where u(HX) is the dipole moment of the hydrogen ha-
lide.*” The permanent quadrupole-induced dipole induc-
tion Cg, ;,q cOnstant is estimated by*®

Co,1na =3 @(Li) Q¥(HX) ,
where Q(HX) is the permanent quadrupole of HX.%

For an assumed potential function, the center-of-mass
differential cross section was calculated using the Ray-
leigh-Faxen-Holtsmark partial wave expansion with
JWKB phase shifts. It was transformed into the labora-
tory frame with appropriate averaging over the velocity
and angular distributions of the two beams and the de-
tector acceptance angle. The potential parameters ¢,
¥ms B1, and B, were varied in an attempt to match the
calculated with the experimental N(©) at the four colli-
sion energies. The best fit potential parameters are
listed in Table II for the two systems, The spherically
symmetric Vg{rY’s are depicted in Fig, 20. Here, 7 is
the distance between the HF ¢.m, and Li. Calculated
N(©) from the derived potentials are plotted as a solid
line along with the data in Figs. 3 and 4 for the Li + HF
and Li + HC1 system, respectively. The calculated N(©)
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are scaled to the data by a constant scaling factor which
is determined by the minimization of a x (chi)-square
goodness-of-fit measure. Considering that these are
simply spherically symmetric potentials, the fit to the
data, for angles smaller than the angle which corre-
sponds to the onset of the chemical reaction, is quite
good. At each energy, the calculated elastic N(©) for
angles at which chemical reaction clearly occurs are
reported as a dashed line,

Some remarks on the N(©) are appropriate. Rainbow
scattering is fully resolved for Li+HF at the two lowest
collision energies and for Li+ HC1 at the lowest one. In
contrast to previous results, ’ this indicates that the
strength of the interaction is similar for the two systems.
In particular, Vy(R) for Li—HF has a deeper well (¢ =0.46
kcal/mole) than for Li~HCI (€ =0.32 kcal/mole). Be-
cause rainbow features are resolved at low E, for these
systems, the N(©) are sensitive to attractive parts of
the potentials, Uncertainties in the € and 7, parameters
are obtained by systematically varying the parameters
and observing when the N(©) fit become poor. The esti-
mated maximum uncertainties are within +5% (£ 7Y% in
€ and 7,, for Li-HF (Li-HCl), Sensitivity to the repul-
sive walls is less than for the well region owing to the
chemical reaction which depletes the wide angle N(B)
and to the lower signal-to-noise ratio at large angle be-
fore the onset of the reaction.

C. Reactive scattering cross sections: oy

In a crossed molecular beam study of a chemical re-
action, the integral reactive scattering cross section
or can Be derived either from the integration of the angu-
lar and velocity distributions of reaction products or
from the estimation of the depletion of nonreactive scat-
tering inténsity at wide angle due to chemical reactions.
The latter has been used quite extensively in obtaining
the energy dependence of o, in many reactions of alkali
atoms with halogen containing molecules.® When the
reaction cross section is small, however, such as in the
case of Li+HF, or when the fragmentation of reaction
products in the ionizer gives the same mass spectro-
metric signal as the nonreactively scattered signal,
which is also the case in this study, the estimation of
the depletion of nonreactive scattering intensity due to
chemical reaction becomes impractical. The general
limitations of this method have been fully discussed, *°

We chose to estimate the o by integrating the ¢, m,

TABLE II. Best fit V(») potential parameters for
Li~HF and Li-HCI.

Li-HF Li—HCl
€ (kcal/mole) 0.46 0.32
7, (R) 4.34 4.7
By 4.0 4.6
By 10.0 8.0
% 1.0693 1.0866
%y 1.600 1.700
C; (kcal/mole A) 2556 4541
C4 (kcal/mole &%) 22 000 36 800
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FIG. 20. Derived spherically symmetrical interaction poten-
tials for Li—~HF and Li-HCl. Potential parameters are given
in Table II.

reactive flux contour map over velocities and angular
distributions following the method developed by Birely

et al.®® In this method, the extremely difficult calibra-
tion of absolute beam intensities and absolute detection
sensitivities of the apparatus is avoided by comparing
reactive scattering signals with small angle elastic sig-
nals and using the theoretically calculated small angle
elastic signal based on the van der Waals long range in-
teraction®® V(r) =~ C/#" as the absolute measure. This
method suffers from considerable uncertainty even if the
long range interaction is exactly known, The elastic
scattering angular distribution, even at relatively small
angles often shows appreciable deviation from the theo-
retical calculation solely based on long range interaction.
More reliable calibration has been obtained using the
derived spherically averaged interaction potential V(r)
for Li + HF and Li + HCI to calculate absolute differential
cross sections. This calibration was carried out at la-
boratory angles smaller than 7°, At this angular range,
the contribution of reactively scattered lithium halides
to the signals of nonreactively scattered Li signals is
negligible.

In this experiment, since both elastic and reactive

. channels are detected at m/e =7, the transmission

through the mass spectrometer and the ion counting effi-
ciency for both channels should be identical. The rela-
tive sensitivity for detecting reactive and elastic chan-
nels will come from the difference in the ionization cross
section for Li and lithium halides, and the Li*: LiX*
branching ratio of the ionization of lithium halides. At
200 eV electron energy, the ionization cross section of
Li atom is known to be 1,45 A%,5 In the ionization of
lithium halides, we have also measured that 25% and

7% of total ions produced in LiCl and LiF are Li*., The
only quantities which are not available are the ionization
cross section of lithium halides at 200 eV electron ener-
gy. We take ayx= (ays+ay-)=a$tf, where a%¥ is the ef-
fective polarizability (a$f=2.2 and 0.58 A% for X=C1
and F, respectively).® Noting that the relative ioniza-
tion cross section of LiF as a function of electron ener-
gy, which was measured up to 70 eV,%* ig quite similar
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to that of Ne,* we assumed that the ionization cross
sections of LiF and LiCl only differ from that of Ne
(0.78 A?%) and Ar (2.46 A2)® at 200 eV electron energy
by the ratio of their polarizabilities (0. 58 53/0.4 A% and
2.2 A%/1,6 A%),% These estimated values for LiCl and
LiF are 3.1 and 1,04 A2,

With these values, we obtained reactive cross sections
of 42 and 27 A? for Li +HCl~LiCl +H at collision ener-
gies of 90. 2 and 2,9 kecal/mole, respectively, and 0.94
and 0.8 A? for Li+HF ~ LiF +H at collision energies of
8.7 and 3.0 kcal/mole, The largest uncertainties of
these estimates of o probably come from the estima-
tion of ionization cross sections of lithium halides and
the spherically averaged interaction potential, Never-
theless, the absolute value of reactive cross sections
obtained in their experiments, should be accurate within
a factor of 2 and the relative values for the two systems
and at different collision energies are estimated to be ac~
curate to within 30%.

V. DISCUSSION

The derived maps of product flux in the ¢.m. frame
allow an evaluation of the dynamical influence of the
PES as well as the kinematic constraints for these two
reactions., Some inferences are clear while others are
intended to suggest possibilities and stimulate dynami-
cal calculations, as well as new calculations of the po-
tential energy surface for LiClH. A detailed descrip-
tion and discussion of the potential energy surface of
LiFH have been given recently by Chen and Schaefer,

A. Li+HF - LiF+H

1. Product energy distributions

A dominant feature of this reaction is the large frac-
tion of available energy released into translation. The
P(E}) distributions derived are shown in Figs, 11(a) and
12(a), where for both of these E, the average product
translational energy is ~55% of E,,,. The PES of Chen
and Schaefer® shows a late barrier to reaction, a form
of repulsive energy relase, and classical trajectory
studies®® ¢ have shown this feature to result in large
amounts of energy in translation, in agreement with
these findings.

For the collision energy, E,=3.0 kcal/mole, the re-
maining ~45% of E,,, is predominantly in the rotational
excitation of the ground vibrational state because the
amount of average internal excitation in LiF shown in
Fig. 12(a) is not quite sufficient to populate LiF (v =1)
which contains 2.6 kcal/mole of vibrational energy.
Trajectory studies have suggested®®*® that for this mass
combination the energy release in the vibrational and
translational degrees of freedom will be “mixed” due to
“cutting the corner” of the PES rather than going strong-
ly to E% for a repulsive PES: but this is not found here,
However, H atom tunneling through a very high late bar-
rier rather than simply exoergic late energy release,
and a non-LEPS-type surface are deviations from the
previous trajectory studies and make the generalized
conclusions tenuous, *"*5®
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At E_=8.7 kcal/mole the possibility of a greater role
for vibrational excitation of LiF cannot be ruled out due
to the broad nature of the P(E}) [see Fig. 11(a)]. The
general trend from trajectory studies and experi-
ment®® 56380 of increasing E, being channeled to prod-
uct translational and rotational (E;) energy cannot be
tested due to lack of knowledge of P(E;e). A significant
increase in (E%) is observed however in support of this
trend, though the peak position in P(E}) is not changing
here with E,. For a light particle leaving a heavy atom,
the potential energy of the exit barrier is likely to chan-
nel into product translation. The fact that the product
translational energy peaks at 3 kcal/mole at both col-
lision energies might be a tunneling phenomenon or may
indicate that the exit channel barrier is significantly less
than the estimate of 6 keal/mole by Chen and Schaefer.®

2. Angular distributions

The T'(8) in Fig. 12(b) for E,=3.0 kcal/mole contains
a significant amount of information. While this 7'(8) is
slightly backward peaked with respect to the Li direc-
tion, it is, to a good approximation, symmetric about
6 =90°, and the following remarks focus on this feature.
Though this symmetry in principle is possible in a di-
rect interaction, it is very likely the result of the forma-
tion of a Li-F-H complex with a lifetime comparable to
or longer than its rotational period. At this relatively
low E_, this is not surprising due to the Known complex
stability, calculated?®® to be about 4 kcal/mole with re-
spect to the Li and HF reactants, The minimum in 7'(8)
is less than 3 of the values at the poles (0° and 180°).
This strong peaking at the poles is somewhat surprising
for a system which produces a light hydrogen atom and
heavier LiF, since most of the initial angular momentum
is expected to appear as rotational angular momentum of
LiF, and the final orbital angular momentum is not ex~
pected to be strongly correlated to the initial orbital
angular momentum, From the observation of this type of
of T(8) we can conclude®™® that there is a strong prefer-
ence for hydrogen emission in the plane which is perpen-
dicular to the initial orbital angular momentum, such
that the final orbital angular momentum is nearly paral-
lel or antiparallel to the initial orbital angular momen-
tum. This strong correlation of initial and final orbital
angular momentum can occur if the reactions are main-
ly due to a coplanar encounter of atoms and molecules.

To appreciate how the significant coplanarity of the
reaction is a dynamical effect, consider the kinematic
and statistical predictions for the LiFH system. Due
to the extremely low final reduced mass u’ and a rea-
sonable range of exit impact parameters b’, it is ap-
parent that | L'l < IL!, where L is the orbital angular
momentum vector of reactants, With low rotational J val-
ues for the HF beam, we have the kinematic constraint
J’=L . The small L’ is predicted to be ~J by both the
classical mechanical spectator stripping model® and
quantum and classical mechanical theories of angular
momentum coupling in reactions. * Some phase space
calculations® make similar predictions, although it does
not appear to be a general conclusion.®® Given an iso-
tropic initial J distribution, this predicts an isotropic
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L’, not confined perpendicular to the initial scattering
plane, resulting in an isotropic I, (6, £}).%® The re-
sults of Fig, 12(b) support the conclusion of coplanar
encounter for this system such that the strong correla-
tion between L and J causes the orientation of L’ to be
mostly parallel or antiparallel to L, and not isotropical-
ly oriented.

If there is a force which brings the H atom into the
plane determined by the relative motion between Li and
F atoms during the course of reaction, the strong cor-
relation between L and L.’ will not be the consequence of
the correlation between L and J, but the PES of Chen and
Schaefer® does not show any strong forces f{o bring H into
the plane determined by the relative motion between Li
and F atoms for initially out of plane conditions. This
means that for the reaction to occur the motion of the
H atom itself must also lie in the same plane determined
by the relative motion between Li and F and thus a small
opacity will result. The possible important role of some
substantially rotationally excited HF in the beam is rele-
vant here. Because, not all of the HF in the supersonic
beam may relax, particularly since the oven temperature
is high enough to thermally populate HF with a relatively
high rotational quantum number with large level spacings.
A bimodal distribution in J for HF might result after a
weak expansion through the nozzle. If the contribution
from the HF in higher J is important, the observed co-
planarity means that J and L must be parallel or anti-
parallel, suggesting that rotation might be efficient in
surmounting or tunneling through the exit barrier.

At E_=3,0 kcal/mole, Fig. 12(b) also shows a slight
backward peaking of the product. Perhaps at this E,
some backward scattered collisions are those such that
Li approaches F as H rotates into Li, exciting the bend-
ing of the complex and leading to the formation of prod-
ucts after passing through the exit barrier. The calcu-
lated transition state of LiFH is bent at 74°.® For such
a collision J and L are likely to be antiparallel; J’ and
L’, and L and L’ are parallel,

It should be noted that trajectory studies on a late bar-
rier surface, * for all mass combinations, show a ten-
dency toward backward scattering, in agreement with
this observation at E,=3.0 kcal/mole, These trajec-
tory studies however employ LE PS-type surfaces where
collinear approach is favored, unlike the predicted®
bent transition state.

Figure 11(b) shows forward scattering at E_=8.7
keal/mole, in contrast to Fig. 12{(b). At this higher
E, the formation of a long lived complex should not be
important. This forward scattering at higher collision
energy is fairly consistent with Roach’s direct interac-
tion model®” for Chen and Schaefer’s transition state,®
In this model, reaction occurs if (a) there is sufficient
E, to reach the “corner” of the PES and (b) the vibra-
tional energy is larger than the difference between the
top of the potential barrier and the corner energy. The
scattering angle 6 is predicted from the reacting geom-
etry alone considering the light H motion to be decoupled
from the heavier LiF motion; 8 =€, the angle between the
initial relative velocity and the F-H bond axis. The
transition state Li—F-H angle® of 74° predicts somewhat
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forward scattering for the model, This agreement with
Roach’s model here could also be fortuitous.

At E_=3.0 keal/mole, beeause the observed P(E})
[(Fig. 12(a)] shows that vibrational excitation of LiF gen-
erally will not be energetically possible, we have E}
=E,,, - E,, The average (E}L)=~1.8 kcal/mole, or (J")
=~ 207, The calculated transition state® can be used to
get an estimate of 4’ and thus L/, Assuming the H atom
pushes off directly from F, then &’=0,44 A, and for
(E%) =2.3 kcal/mole we have (L') ~3#., The domination
of (J*) over (L'} is just what would be expected for this
system, The maximum values are J,, >~ 32F and L,
=~ 4}, But because the initial orbital angular momentum
must be carried away as rotational motion of LiF, it is
not possible to have all the available energy carried away
as translation. Because of the broader P(Ef) for E,
=8.7 kcal/mole, (E}) cannot be estimated; however the
maximum possible E}, (= E,,,) would give J’ =~ 50%, and
E!,, would give L' =6/ using b'=0.44 A, It is worth
noting that although L' is constrained to be small (E4)
can be large for a system with small u’,

3. Integral cross sections and potential energy barrier

From the kinematic constraint L=~ J’, for £,=3,0
keal/mole, Ly~ 3% corresponds to a b, = 1.8 A;
and for g,~0,80 A2 this gives an average opacity of
0.08, a rather low value. At E_=8.7 kcal/mole, taking
Ly, ~ 501 yields b_, ~1.6 A, With ¢5~0.94 A?, this
gives an average opacity of 0.12, The relatively small
average opacity probably reflects the restricted orienta-
tion requirement discussed above, as well as the exis-
tence of a barrier and a tight geometrical requirement
about the transition state geometry,® The energy depen-
dence of g, is not a simple function, at least in phase
space theory, % put depends on the product of the prob-
ability of *complex” formation and the probability of the
“complex” decomposing to products, The size of these
two factors likely have opposite behavior with E_ and a
fairly constant oy, at least over this limited range of
collision energies, is not surprising.

The slight dependence on E, of ¢, for this PES® with a
barrier in the exit channel is also consistent with tra-
jectory studies.®%® These show reagent vibration as
efficient in promoting reaction and reagent translation
inefficient.

It is tempting to try to assign a maximum barrier
height based on the observation of products at the nomi-
nal E_ =2,2 keal/mole, with the possible contribution of
high energy parts of the beam distributions. However,
given the relatively small size of the observed o, and
results of tunneling studies® it would be imprudent to
try to make such an assignment, Recent calculations®
show a barrier, with zero-point energies, of about 6
kcal/mole. If this value is accurate, all the products
of LiF formed at the nominal E_=2.2 kcal/mole are
through tunneling.,

B. Li+ HCI— LiCl+H

Product energy intranslationdominates in this reac-
tion, with {(Ef)=~70% of E,,, for both E,=2.9 and 9.2

J. Chem. Phys., Vol. 73, No. 8, 15 September 1980



2848 Becker et al.:

keal/mole [see Figs. 15(a) and 16(a)]. The P(E}) are
very broad and both peak at ~80% of E,,. A significant
barrier (=2 kcal/mole) likely does not exist due to the
large o at low E,. For this exoergic reaction a late
energy release (repulsive) surface would probably give
accord of experimental observations with trajectory
studies.®® This is in opposition to the previously cal-
culated semiempirical PES® which shows a substantial
barrier in the entrance channel.

Unfortunately, no information can be gained from the
data as to the relative importance of product Ef and Ej,
by direct measurement. However, by consideration of
the size of 0 we may reach a conclusion regarding the
internal degrees of freedom of nascent LiCl. At E_
=9.2 kcal/mole, g~ 42 A2 and assuming an opac1ty of
unity, bp,,=3.66 A or LmuN 1207, Due to the light de-
parting H we again have the kinematic constraint L~ J’,
leading to E4 =29 kcal/mole which corresponds to E;‘;‘t"
for L,,,. Thatis, L,,, cannot be larger than 1207 and
so the opacity function £ (b) is to a good approximation a
step function™

1’ bsbmﬂ’
f(b)={ (3)
0, b>bpay .
Because
_on [ oY an 4
o nfo 7(0) @)

and
P(b)=27bf (b)/0R , (5)

where P(b) is the probability distribution for reaction
occurring between b and b +db as well as classically,

P(bYdb=P(L)dL=P({J")dJ' (6)
and

dJ’ 0CP(J’)

then
P(EL)« erbfb(;’) znﬁib) o const . ®)

The range of E}, will be between 0 and E{j¥. The mea-
sured P(E%) of Flg 15(a) is, to a first approximation,

so broad as to be constant. Taking the product P(E})
XP(E}) to be constant over the entire energy range, with
average E% of approximately 50% of ELY, restricts

the combined distribution P(E%, ER)=P(E}, E'g, E}) to

a contour along E}, =0, Thus for this system the con-
clusion is that, approximately, very little energy should
appear in vibrational excitation at higher collision ener-
gy. Assuming a unit opacity for reaction at £,=2,9 kcal/
mole gives L,,,~J ,, =55% and E} quite short of E,,, as
well as Efy*. Thus at the lower E, the arguments above
regarding P(E}), etc., cannot be made.

The large amount of product energy in translation,
negligible barrier, rather large o; and mass combination
bears similarity to the recent work by Gupta e al.*® on
Ba+HF. In that study it was suggested that the governing
PES had very late dowhill energy release, Furthermore,

Reaction dynamics of Li+ HF, HC!

the energy release being further in the exit channel than
common for exoergic reactions would make “cutting the
corner” for “mixed” energyrelease unimportant, These
conclusions seem to apply to Li+HCI also. At higher
collision energy, the increased translational energy for
Li+HCl is going over to product translation and rotation
also similar to that found for BaF (Ref. 59) (at least at
the upper range of their E.), and suggested by earlier
work, 55+56:60

The o for both LiCl and LiF formation appear roughly
independent of E, but differ considerably in magnitude.
The dramatic size difference correlates well with the
differences in vertical electron affinity™ (VE A) as well
as exoergicity. For HX +¢” ~ HX the VEA are about
+4 eV for HF and +1 eV for HCl, Therefore no ionic—
covalent curve crossing is possible for either system
outside the van der Waals radii.?’ Yet for LiCl forma-
tion, at least at E,=9.2 kcal/mole, o, seems to be lim-
ited by only the conservation laws. This says that near-
ly all HCI orientations will react which is a bit surpris-
ing given that the harpooning mechanism is not an ap-
propriate description.

Figures 15(b), 16(b), and 17-19 display the angular
distributions of the LiCl product. The T(8) are strongly
forward peaked. At E_ =9.2 kcal/mole it is clear that
T(9) peaks at 8 40°-50°, while the exact peak location
at E,=2.9 kcal/mole is uncertain, These results are
not easily explained except the obvious conclusion of not
forming long lived complexes in this reaction.

No information has been obtained in the spatial corre-
lation between the L and L’, but no strong correlation
is expected in this case since the large cross section
indicates no geometric constraint in the entrance chan-
nel. From the large oy and the kinematic constraint
L=~ J’ large values of product rotation have been derived.
Again, the small u’ means L’ must be relatively small
showing that, as for LiF, large fractions of the total en-
ergy available can appear in translation while L’ is
small and J’ rather large.

C. Spherically averaged interaction potential: V(r)

We conclude this discussion with a few comments
about the spherically symmetric potential Vy(r) deter-
minations, or more precisely, the physical significance
of fitting a V,(r) by single channel scattering technique
to the nonreactive Li+HX scattering. For the similar
nonreactive atom-diatom case (e.g., rare gas+HX),
it has been shown™ that only under favorable conditions
can an accurate spherically averaged potential be ex-
tracted. Also, for simple systems like rare-gas+HX
the full anisotropic potential cannot be derived with con-
fidence from only a total (elastic plus inelastic) differ-
ential cross section measurement. In the present study
the HF beam characteristics were the same as used in
the HF +Xe study’ where it was argued that the V,(r)
extraction was valid due to the likely significant popula-
tion of J =1 in the HF beam, the small rotational ex-
citation cross section due to a large rotational constant
for HF, and the ability to fit the structured N(©) at more
than one E,. These same arguments also apply in Li
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+HX systems described in this paper, Also estimates
of b,y from oy for Li+HCI indicate little reactive scat-
tering for 52 3.5 A, and only moderate quenching of
glory oscillations was observed’ for integral cross sec-
tion measurements of Li off HCl. Very little glory
quenching for” Li+HF and the small reactive o for LiF
formation suggest reaction is not significantly obscuring
nonreactive scattering events with moderate b values.
On the other hand, the degree of the anisotropy for the
interaction may be great enough as to negate compari-
sons to the HF +Xe study.™ Together with the still un-
known complicating feature of reaction, we suggest that
although the derived Vy(r) of Fig. 20 might not give an
exact picture, it is of definite qualitative value. Fur-
thermore, attractive well determination is generally
more reliable from only a series of N(©) at different

E_ showing rainbow structure than from only nonreactive
integral cross section measurements. Also, the glory
impact parameter is smaller (more likely reactive and
probing greater anisotropy) than for rainbow scattering.
These facts suggest the present Vy(») results may be
preferable to previous V,(7) results’ and related anisot-
ropy evaluations. ®
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