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In this paper we report angular distributions and time-of-flight spectra for the Cl + H, - HCl + H and Cl

+ D, - DCI + D reactions at 5.85 kcal mol ™! and 6.3 and 6.4 kcal mol ™! collision energies, respectively,
obtained from high-resolution crossed molecular beam experiments. In addition, quasiclassical trajectory
(QCT) and quantum mechanical (QM) dynamical calculations have been carried out for these reactions on the
G3 potential energy surface (T. C. Allison et al., J. Phys. Chem., 1996, 100, 13575). Reaction probabilities,
integral and differential cross sections have been calculated using the QCT and QM methodologies, and a
comparison of these results is presented. The molecular beam results have been simulated using the theoretical
calculations, and theory and experiment are in reasonably good agreement.

1. Introduction

The reactions of chlorine atoms with molecular hydrogen and
its isotopomers have received considerable attention both
experimentally and theoretically.'2% The interest of chemical
kineticists in this system goes back to the nineteenth century
when it was studied by Draper (1843), Bunsen and Roscoe
(1862) and van’t Hoff. Later work on this reaction includes the
pioneering studies of Chapman, Bodenstein, and Nernst and
their collaborators,” in connection with the mechanism of the
H,-Cl, chain reaction, for which the CI(*P) + H, - HCl + H
reaction is the rate-determining step. This reaction has played
a central role in fundamental chemical kinetics and has served
as a critical test case for bimolecular reaction rate theory,
especially transition state and kinetic isotopic effect theories.®
Besides its fundamental interest, the Cl + H, reaction is a
prototype for a host of Cl reactions that are important in
atmospheric chemistry and for photochemical air pollution.
Experimental work on the rate constants of the Cl + H, reac-
tion and their temperature dependence is very extensive and
has been summarised by Michael and co-workers.® Measure-
ments of absolute rate constants?® for Cl + HD were also
reported very recently.

The Cl + H, - HCl + H reaction and its isotopic variant
Cl+ D, > DCl + D are nearly thermoneutral (AHg = 1.03
kcal mol~! and AHj = 1.64 kcal mol™, respectively), and the
HCI/DCI product can only be formed in the ground vibra-
tional level at low collision energies. The energetics of the
reactions are shown in Figs. 1(a) and 1(b) where the spin—orbit
levels of chlorine and the rovibrational levels of HCl/DCI pro-
ducts are also indicated.
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Reactive cross sections were not available until recently.
The molecular products can be conveniently detected by a
mass spectrometer in a crossed molecular beam (CMB) experi-
ment, although this is challenging because of a high barrier, a
near mass conflict of the product with the second most abun-
dant 37Cl isotope, and particularly unfavourable kinematics.
A first account of crossed beam studies of the Cl + H, reac-
tion has been reported by the present authors.> Measurements
of the excitation functions!® and double (angle and velocity)
differential cross sections!! have been very recently carried
out by REMPI detection of the H atoms and Doppler-
selected time-of-flight technique in pulsed CMB experiments.
Absolute reactive cross sections have been determined for the
reverse H + HCI reaction in several laboratories using pump—
probe techniques.?!

As the quality and quantity of experimental data have
improved, the quality of potential energy surfaces for the
H,Cl system has improved as well. As a consequence, the
H,Cl system may now be considered a critical test system for
the comparison of experimental and theoretical studies,
joining the H; and H,F systems as testing grounds for the
most detailed and most accurate methods.®

A refined potential energy surface (PES) for the H,Cl
system was introduced by two of the authors and co-workers,
12and it was denoted G3 (see Fig. 1(c)). The G3 PES was
based on the GQQ PES of Schwenke et al.,'*® which was, in
turn, based on the empirical GSW surface of Stern, Persky,
and Klein.'* The partly ab initio G3 surface has the advantage
over the former GSW and GQQ surfaces that the CI-H-H
bending potential is more accurate along the reaction path.
The G3 PES is the most accurate surface currently available
for the H,Cl system, and we have used it for the theoretical
dynamics calculations presented here.
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Fig. 1 Energy level and correlation diagram for (a) the Cl + H,
reaction and (b) the Cl + D, reaction with the spin-orbit levels of
atomic chlorine and the rovibrational levels of the products indicated.
The effective ground state potential energy barriers of the G3 surface,
including zero-point energy for reactant, product and modes trans-
verse to reaction coordinate, are shown as solid curves. The collision
energies of the experiments, E_, are indicated as arrows. (c) Contour
map and three-dimensional perspective plot of the G3 PES for the
collinear Cl-H-H arrangement. The saddle point (of height 7.88 kcal
mol ™) is denoted by an X and Ry y and Ry (, denote the distances
between the specified atoms.

The G3 surface has already been used for a number of
dynamical studies. Rate constants for the Cl + H, and Cl
+ D, reactions were computed using variational transition
state theory''? (VTST), quantum mechanical'>!® (QM)
dynamic and quasiclassical trajectory” (QCT) methods. QCT
calculations of differential cross sections for the heteronuclear
Cl+ HD(v =0, 1)—> HCI(DCI) + D(H) reaction are avail-
able,'® and a comparison between QM and QCT calculations
and experimental results from a high-resolution molecular
beam experiment for the Cl+ H, reaction® has been
published. Quantized transition states have also been
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analyzed for the H,Cl system.''® Accurate quantal differen-
tial cross sections (DCS) for the GQQ surface have been
reported by Launay et al.?? for the Cl + H,(v = 0, j = 0) reac-
tion (where v and j denote vibrational and rotational quantum
numbers respectively), as well as for the HClv =0, j=
0-2) + H reaction.?® Accurate quantal results for the Cl + H,
and Cl + HD reactions with total angular momentum J equal
to 0 were computed for the GQQ and GSW surfaces by
Takada et al.,>* who also reported approximate cross sections
and thermal rate constants obtained by the constant centrifu-
gal potential approximation (CCPA). More recently, cross
section calculations were reported for the G3 surface.!-?

In this paper we present the results of high resolution
crossed molecular beam experiments in the form of laboratory
angular distributions and time-of-flight spectra at collision
energies, E,, of about 6 kcal mol ™! for the reactions

Cl(2P3/2> 12) +n-Hy(v=0,j=0,1,2,3) >

HCI(W = 0,all /) + H
Cl(2P3/2, 12) +n-Dy(v=0,j=0,1,2,3,4) >

DCI(v' =0,all j) + D

(In this paper, E, always denotes relative translational energy.)
The experimental work is accompanied by scattering calcu-
lations of state-to-state (v, j — v/, j') differential cross sections
(DCSs) based on accurate quantum mechanical dynamics as
well as the quasiclassical trajectory method, in both cases
using the G3 PES. The theoretical DCSs, after transformation
into the laboratory frame and averaging over experimental
conditions, are compared directly with the laboratory data,
thus providing an unambiguous test of the ground-electronic-
state PES of C1 + H,, .

In addition, since there are only a small number of systems
for which both accurate quantum mechanical scattering
results and quasiclassical trajectory results are available, only
a small number of detailed comparisons of the two methods
have been performed (see refs. 4 and 5 and references therein).
The calculations presented here are, as a consequence, also
used to extend the range of systems for which the reliability of
QCT methods as compared to accurate quantal scattering
methods is assessed.

The remainder of the paper is organised as follows. Sections
II and III give details of the experiment and QCT and QM
methodologies. Section II also gives the experimental results,
and Section III gives theoretical results. The two kinds of
theoretical results are discussed in Section IV, while the com-
parison between the experimental results and the theoretical
predictions is examined in Section V. Concluding remarks are
presented in Section VI. The appendix contains convergence
checks for the QM calculations.

II. Experimental methods and results

The scattering experiments were carried out in a universal
crossed molecular beam apparatus described in detail else-
where.? Fig. 2 shows a schematic diagram of the set-up.
Briefly, two well collimated supersonic beams of the reagents
are crossed at 90° under single-collision conditions in a large
scattering chamber with background pressure in the 1077
mbar range. The angular and velocity distributions of the
reaction products are recorded by a rotatable, triply differen-
tially pumped, ultra-high-vacuum (10~ !! mbar) electron
impact ionization quadrupole mass spectrometer detector
using time-of-flight (TOF) analysis. The two beam sources are
usually doubly differentially pumped; to increase the product
intensity for the experiments on Cl + D,, however, the sec-
ondary D, beam source was brought close to the collision
region with only one stage of differential pumping (we have
verified in the case of the Cl + H, reaction that the product
distributions are identical with or without using the second
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Fig. 2 Top view (cross sectional) of the crossed molecular beam
apparatus, showing the doubly differentially pumped atomic chlorine
beam source, the singly differentially pumped secondary molecular
beam source (as in the Cl + D, experiment, see text), the triply differ-
entially pumped electron-impact quadrupole mass spectrometer detec-
tor, and the time-of-flight chopper disk.

differential stage). The H,/D, beam source is pumped by 4200
and 2400 L s~ ! diffusion pumps, while the Cl atom source
features a 6000 L s~ ! diffusion pump and a 2400 L s~ ! differ-
ential diffusion pump; both beam sources are backed by 500
m?> h™! roots pumps.

The supersonic atomic chlorine beams were generated by a
high-pressure radiofrequency (RF) discharge beam source,
which has been used successfully in our laboratory for over a
decade to generate intense supersonic beams of a variety of
atomic and radical species.?2% The source is similar in design
to that developed by Sibener et al?® to produce atomic
oxygen beams. A high level of RF power was fed, through an
LC circuit made to resonate around 14 MHz into a plasma
contained in a quartz nozzle (diameter ¢ = 230-250 pm)
cooled by low electrical conductivity water. Due to the circuit
design, the plasma is located behind the orifice of the nozzle,
permitting a very high degree of molecular dissociation (up to
98%). Because of the high plasma temperature (up to 1900-
2000 K) reached when a Cl,~He mixture is used at high-
pressure and high RF power, which in turn leads to a
progressive nozzle enlargement over a relatively short (several
hours) period of time, we operated by discharging gas mix-
tures that also included molecular oxygen (Cl,-O,-He
mixtures). The plasma temperature is much lower in this case
(~1200 K) and it is possible to operate at relatively high pres-
sure (300—400 mbar) without losing beam stability.

For the Cl + H, experiment, we used a nominal RF power
of 300 W in 300 mbar of a 2% Cl1,-2% 0,-96% He mixture,
and the Cl beam peak velocity and speed ratio were 2650 m
s~! and 6.9, respectively, as measured from single-shot TOF
analysis. The atomic chlorine beam was skimmed by a boron
nitride skimmer (¢ = 1 mm) and further collimated by a rec-
tangular slit (1.44 x 3.27 mm), which defines an angular diver-
gence of 1.5°. The small angular divergence was critical in
these experiments because the unfavourable kinematics con-
fines the products within a small Newton sphere very close to
the primary beam direction (see Fig. 3). The beam of H, was
produced by supersonic expansion of neat H, at a stagnation
pressure of 2.4 bar through a 100 um stainless steel nozzle
resistively heated at a nominal temperature of 858 K
(corresponding to ~800 K) in order to increase the beam
velocity. A skimmer (¢ =490 pum) at a distance of 10 mm
from the nozzle, followed by a 2.08 x 3.19 mm rectangular
slit, defined an angular divergence of 2.9°. The peak velocity
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Fig. 3 HCI(v' = 0) product laboratory angular distribution from the
Cl+ H,(j =0, 1, 2, 3) reaction at E_, = 5.85 kcal mol~! and corre-
sponding canonical velocity vector (“Newton”) diagram. The circle in
the Newton diagram indicates the maximum speed that the HCI
product can attain assuming that all the available energy is disposed
into translation, i.e., the speed of HCI(v' = 0, j/ = 0). The solid line
represents the angular distribution obtained from the QM calcu-
lations on the G3 PES. The separate contributions from initial rota-
tional levels of H, are also indicated.

and speed ratio were 4400 m s~! and 11.0, respectively. The

canonical collision energy, E_, of the experiment was 5.85 kcal
mol !, with a collision energy spread of 1.40 kcal mol !
FWHM. The rotational temperature of n-H,(j) molecules in
the beam was estimated to be ~300 K by extrapolating the
consistent experimental determination of Pollard et al.;27 the
corresponding relative rotational populations are 0.13, 0.66,
0.12 and 0.09 for j = 0, 1, 2 and 3, respectively. We recall that
the rotational energy content of the j =1, 2 and 3 levels is
0.34, 1.02 and 2.04 kcal mol !, respectively (these energy con-
tents are not negligible if we compare them to the energy
barrier and the heat of reaction).

For the Cl + D, experiment, we used slightly different con-
ditions for the atomic chlorine beam with a nominal RF
power of 300 W in 250 mbar of a 1.25% Cl1,-2.5% 0,-96.25%
He mixture; the Cl beam peak velocity and speed ratio were
2558 m s~ ! and 6.9, respectively. In this experiment, because
of smaller signal intensities and less unfavourable kinematics
(¢f. Figs. 3 and 4), we used a wider defining slit (2.08 x 3.19
mm) which enlarged the angular divergence to 2.3°. Moreover,
to exploit the different kinematics we also used a beam
obtained by discharging 120 mbar of the 2.5% Cl,—He
mixture without molecular oxygen at 140 W (a lower pressure
and RF power were used for this gas mixture to limit the
plasma temperature and hence to prevent nozzle
enlargement); in this case, the peak velocity and speed ratio
were 1930 m s~ ! and 6.0, respectively.

The D, beam was produced by expanding neat D, at a
stagnation pressure of 1.85 bar through a 100 um stainless
steel nozzle resistively heated to a nominal temperature of 703
K (corresponding to ~685 K). A skimmer (¢ = 1.00 mm)
placed at 10 mm from the nozzle was the only defining
element and gave an angular divergence of 5.7°. Peak velocity
and speed ratio were 2892 m s~ ! and 11.4. The canonical col-
lision energy, E,, of the experiment was 6.3 kcal mol ™! (with
E, spread of 1.4 kcal mol~! FWHM). The rotational tem-
perature of n-D,(j) molecules in the beam was estimated to be
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Fig. 4 DCIl(v' = 0) product laboratory angular distribution from the
Cl+ D,(j =0, 1, 2, 3) reaction at E, = 6.3 kcal mol~! and corre-
sponding Newton diagram. The circle in the Newton diagram indi-
cates the maximum speed that the DCI product can attain assuming
that all the available energy is disposed into translation, i.e., the speed
of DCI(v' =0, j/ = 0). The solid line represents the angular distribu-
tion obtained from the QCT calculations on the G3 PES. The
separate contributions from initial rotational levels of D, are also
indicated.

~260 K; the corresponding relative rotational populations
are 0.21, 0.22, 0.39, 0.10 and 0.08 for j=0, 1, 2, 3 and 4,
respectively. The rotational energy content of the j=1, 2, 3
and j = 4 levels is 0.17, 0.51, 1.03 and 1.71 kcal mol ™%, respec-
tively. In the experiment where we used the 2.5% Cl,—He
mixture, the D, beam conditions were slightly different: the
D, beam stagnation pressure was 2.2 bar, and the nominal
temperature was kept at 873 K. Peak velocity and speed ratio
were 3335 m s~ ! and 10.6. The canonical collision energy, E,
was 6.4 kcal mol ™!, which is very similar to the previous one,
but the different kinematics helps to bring out some inter-
esting features (see below, cf. Figs. 4 and 5).

It is well known that when an RF (or other electric) dis-
charge is used to produce an atomic plasma, a manifold of
electronic and fine structure levels of atomic species can be
populated. Supersonic expansion is accompanied by a sub-
stantial relaxation to low-lying states. However, since
unquenched excited states may affect the reaction dynamics,
we characterised the atomic chlorine beams by Stern-Gerlach
magnetic analysis.?® The excited electronic states of chlorine
atoms that involve orbital promotion are relatively high in
energy and their presence (i.e., their contribution to the
observed product distributions) could be excluded on the
basis of the observed signals and energetics; conversely, the
*P,,, spin-orbit excited state (located 2.52 kcal mol™"! above
the ground state *P; ,) is formed in the plasma and is ineffi-
ciently quenched, as evidenced by magnetic analysis, which
showed that about 15% of the CI atoms are in the spin—orbit
excited state. The presence of the excited state can affect the
observed product distributions. In fact, the conventional
opinion that spin—orbit excited states are hardly reactive has
been challenged in recent studies of the F + H, and Cl + H,
reactions,''2° where convincing evidence of spin-orbit-
excited-state reactivity was given; unfortunately, the relative
populations of *P, , and *P5, states have not been measured
and so the relative reactivity of ground and excited spin—orbit
states was only estimated.

The laboratory angular distributions, N(®) (i.e., the number
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Fig. 5 DCI(v' = 0) product laboratory angular distribution from the
Cl+ D,(j =0, 1, 2, 3) reaction at E, = 6.4 kcal mol~! and corre-
sponding Newton diagram. Solid and broken lines are as in Fig. 4.
The different velocities of the reactant beams yield different kinematics
than Fig. 4 even though the collision energy is similar to the experi-
ment at E, = 6.3 kcal mol 1.

density as a function of the laboratory angle @), of the HCl
and DCI products were obtained by taking at least five scans
of 50 s counts at each angle. The nominal angular resolution
of the detector for a point collision zone is 1°. The secondary
target beam (H,/D, beam) was modulated at 160 Hz with a
tuning fork chopper for background subtraction. Even though
35Cl is about three times more abundant than 37Cl, we
detected the scattered products at a mass to charge ratio (m/z)
of 38 (H3"Cl) and 39 (D 37Cl), thus avoiding the detection of
products at an m/z ratio between the intense peaks of the two
atomic chlorine isotopes for Cl + H, and at the mass of non-
reactively scattered 37Cl in the case of 3°Cl + D, . At the peak
of the angular distributions the signal-to-noise ratio was
about 40 and 80 for the Cl + H, and Cl + D, experiments,
respectively.

Velocity distributions of the HCl and DCI products were
obtained at selected laboratory angles using the cross corre-
lation TOF technique with four 127-bit pseudorandom
sequences. High-time resolution was achieved by spinning the
TOF disk, located at the entrance of the detector, at 393.7 Hz,
corresponding to a dwell time of 5 ps channel ~!. The flight
length was 24.6 cm. Counting times varied from 30 to 60 min
depending upon signal intensity.

The laboratory angular distributions from the Cl+ H,
reaction at E, = 5.85 kcal mol~ ! and from Cl + D, at the two
similar collision energies, E, = 6.3 and 6.4 kcal mol~!, are
shown in Figs. 3-5 together with the Newton diagrams corre-
sponding to the most probable initial velocities. The error
bars of the experimental distributions represent +1 standard
deviation. Product TOF distributions at selected laboratory
angles are shown in Figs. 6—8. The solid line in Figs. 3-8 rep-
resents the angular and TOF distributions obtained from QM
(Cl + H,) or QCT (Cl + D,) calculations; the separate contri-
butions from initial rotational levels of H, and D, are also
indicated in the angular distribution figures (see Section IV.B).
Figs. 3-5 also show that the HCl and DCI products are com-
pletely confined to the right of the center-of-mass (CM) posi-
tion angle, that is, they are in the backward direction with
respect to the Cl beam; the angular distributions are sharply
peaked at an angle nearly tangent to the maximum Newton
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laboratory angles from the Cl + H,(j =0, 1, 2, 3) reaction at E, =
5.85 kcal mol ~ . Solid lines are as in Fig. 3.

circle, which defines the angular range within which the pro-
ducts can be scattered on the basis of energy and linear
momentum conservation. These features themselves suggest
that the reaction mechanism is direct and of the rebound type
and that a very large fraction of the available energy is rel-
eased into relative translational motion of the products.

III. Theoretical methods

A. Quantum mechanical scattering calculations

The present calculations were performed using the outgoing
wave variational principle’°—35 (OWVP); details of this
method and its computational implementation have been pre-
sented elsewhere.3%:33:35-38 The calculations decouple into
blocks depending on the total angular momentum J, the
parity P and the homonuclear interchange symmetry S, and
each of these blocks may be solved separately. Results may be
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Fig. 7 DCIl(v' = 0) product time-of-flight distributions at selected
laboratory angles from the Cl + D,(j = 0, 1, 2, 3) reaction at E, = 6.3

kcal mol ™. Solid lines are as in Fig. 4.
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Fig. 8 DCI(v' = 0) product time-of-flight distributions at selected
laboratory angles from the Cl + D,(j = 0, 1, 2, 3) reaction at E, = 6.4
kcal mol ™. Solid lines are as in Fig. 5.

obtained for initial states with rotational quantum number
j = 0 by solving only one of the four PS blocks for each J > 0
(or two PS blocks for J = 0). In the present work, we study
the effects of rotational excitation on the differential cross sec-
tions, and we solve all four PS combinations to treat the range
of initial states selected; relatively few studies?#3°~*3 have
been presented for more than one initial rotational state, in
part, because of this increased computational expense. Some
work involved in the formation of the matrix elements of the
variational functional for the two different S blocks of a given
J and P is the same for both blocks; the present calculations
exploit this by forming the matrix elements for these two
blocks simultaneously.

The numerical and basis set parameters are optimised
separately for each system and energy studied; however,
certain details are common to all the present calculations. In
particular, we use body-frame basis functions®”#+#> and
complex boundary conditions; by judicious use of boundary
condition  transformations and  partitioned  matrix
techniques*®47 the actual formation of the matrix elements, as
well as the bulk of the work in the solution of the resulting
linear system, is accomplished in real arithmetic and at a com-
putational cost that is only slightly greater than would be the
case for real boundary conditions.

A body-frame basis set truncation method3740:4849 jg
employed based on the magnitude, Q™** of the projection of
the total angular momentum on the atom-to-diatom axis in a
given arrangement. All open channels with Q > Q™ are
limited to one translational basis function and closed channels
with @ > Q™ are not included. In general the value of Q™** is
taken to be a function of the channel quantum numbers.

All radial translational functions in open channels are rota-
tionally coupled half-integrated Green’s functions®® (HIGFs)
and we used distributed Gaussian translational functions in
all closed channels. The coupling scheme3:33:37 used to define
the distortion potential coupled all channels with j < j¢(v) in a
given arrangement and vibrational manifold and employs
single-state coupling (i.e., all channels with the same v, j and oc)
for channels with j > ]a(v) In tables, when we write j%(v) =
this indicates that all j <j,,. (e v) (the maximum rotatlonal
level in the basis set for a given o and v) are coupled for a
given arrangement.

For all production runs, calculation of matrix elements of
the variational functional involving both of the identical het-
eronuclear arrangements was neglected3?:33 (i.e., replaced by
zero); this significantly reduces the cost of the matrix element
evaluation while producing negligible error in the transition
probabilities involving the homonuclear arrangement (the
high accuracy of this approximation was demonstrated in
convergence checks which showed the error to be small in
comparison to the basis set truncation error, which is itself
small for these calculations). This approximation is indicated
in our parameter set notation by N3 = 0.

All cross section calculations were carefully converged with
respect to basis sets and numerical parameters. These con-
vergence checks and a description of the basis set parameters
are presented in the Tables A-I, A-II, A-III, A-IV and A-V of
the Appendix.}

All results are summed over the two identical heteronuclear
arrangements.

For a given J and total energy E, we define the state-to-
state distinguishable-atom reaction probabilities by

Pl =m—— SP 1
vjv'j’ 21'1'111'1(.]])-‘1-12 Z Zzl av]llvjl ()

P a#1 1

where SJ7, 11051 18 @ scattering matrix element, a is an arrange-
ment label (¢ = 1 for C1 + H,, o' =2 or 3 for the two identi-

1 Available as electronic supplementary information. See http://
www.rsc.org/suppdata/cp/a9/a908829f
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cal HCl+ H arrangements), | is the orbital angular
momentum quantum number associated with relative trans-
lational motion, and primes denote final values.

The state-to-state partial integral cross sections are defined
by

;w241
O-vjv’j’_kgj 2]+1 Z Z ;;l azv]llv]l' (2)

P o#1

where k,; is the initial state wavenumber. The integral cross
sections can be defined by

Jmax

VJU "J z O-UJ” J' (3)

where J,,,, is the largest total angular momentum included in
the calculation; it will also be convenient to define the cross
sections summed over the final rotational states, i.e.,

Tuje = L, Oojiy 4
The state-to-state reactive opacity function, i.e., the state-to-
state reaction probability as a function of [, is defined as
1
2+ DR2lL+1)

xY L LY@+

P a#1

UJU 1( )
azvjllu]l'z (5)
in terms of which the state-to-state cross sections are given by
T
Tuiv'i = 1z %@L+ 1P, D). (©6)
vj 1

Differential cross sections were calculated using the formula
woja' i T

do
dQ  (j + k2, Z Z

vj mj=—j mjy=

J+j J+j
x| Z D) Z @+
J M=—-J1=|T—j| V'=|{T—j| p= -1
X (L;0m; | 1; I M)(I; pm JM)(5 0p 0011
- Sv'j’l’vjl)Yl'u(n - 0: ¢) (7)

where 0 and ¢ are the final angular coordinates of the scat-
tered particle in the center-of-mass frame, and Q=(0, ¢).

The differential cross section summed over the final rota-
tional quantum number is defined as

do'vjv _ do_awjaz’v'j’
dQ _Z, dQ ®

J

where the arrangement subscript « has been dropped for
clarity (it is understood for the present application that « is
the label of the reactant arrangement, and o' is the label of the
product arrangement).

Table 1 details the QM scattering calculations performed
for this study for comparison to the Cl + H, experiment at
E, = 5.85 kcal mol ™! and the Cl + D, experiment at E, = 6.3
kcal mol~!. Calculations at other energies were also per-
formed (see below). The table reports values for the total

energy, collision energy, maximum value of the total angular
momentum, initial and final values of the vibration and rota-
tion quantum numbers (j’ is given as a range), and the range
of orbital angular momentum values.

In brief, calculations were performed at the fixed collision
energy E, = 5.85 kcal mol™* for C1+ H, (v =0, j =0, 1 and
2) and at E, = 6.20 kcal mol ™!, 6.03 kcal mol~* and 5.68 kcal
mol~! for Cl1+ D, (v=0, j=0, 1 and 2), respectively. For
Cl + D, this corresponds to a total energy E of 10.60 kcal
mol !, and it means that calculations were performed at one
constant total energy. Additionally, calculations were per-
formed for C1+ H,(v =0, j =0) at E, = 4.0, 4.9, 6.2 and 6.9
kcal mol™!, and for Cl + D,y(v =0, j = 0) at E, = 9.10 kcal
mol ™! and E, = 10.27 kcal mol ~ 1.

B. Quasiclassical trajectory calculations

The general method for the quasiclassical trajectory calcu-
lations has been described in detail previously (see refs. 50 and
51 and references therein), and only the details relevant to the
present work will be given here. We note, for non-specialists,
that the “quasi” in “quasiclassical” refers to selecting the
initial conditions of the trajectories with quantized vibrational
and rotational energies. After that, motion is calculated by
Hamilton’s classical mechanical equations and, after the colli-
sion, the unquantized classical variables are used to estimate
quantized final states by the “histogram” or “binning”
method.

Calculations were first performed for the Cl+ H,(v =0
j = 0-3) reaction on the G3 PES at the fixed collision energy
E_ = 5.85 kcal mol~!. Batches of 50000 trajectories were run
for each initial j. Additionally, calculations were performed for
Cl+ H,y(v=0,j=0)at E, = 4.0, 4.9, 6.2 and 6.9 kcal mol~".
For the Cl + D,(v =0, j) reaction, batches of 50000 trajec-
tories were run for j = 0 and E, = 6.20 kcal mol™%, j = 1 and
E. = 6.03 kcal mol™! and j =2 and E, = 5.68 kcal mol ™! to
compare with the QM calculations. In addition, batches of
50000 trajectories were run for the Cl + D, reaction at j = 0,
1 and j =2 and E, = 6.4 kcal mol™! in order to simulate the
experimental results. Finally, batches of 50000 trajectories
were run for Cl + D,(v =0, j = 0) at E, = 9.10 and 10.27 kcal
mol~! for comparison with QM results. The integration step
size in the trajectories was chosen to be 5 x 10717 s. This
guarantees conservation of the total energy to better than 1
part in 10° and conservation of total angular momentum to
better than 1 part in 107. As usual, the rovibrational energies
of the H,(D,) reagent and those of the HCl and DCI products
are calculated by semiclassical quantization of the action
using the potential given by the asymptotic diatom limits of
the G3 PES. These rovibrational energies are fitted to
Dunham expansions containing 20 terms (fourth power in
v + % and third power in j(j + 1)). The assignment of product
quantum numbers (v, j') is carried out by equating the clas-
sical rotational angular momentum of the product molecule
to [j'(j' + 1)]Y2(h/2m). With the (real) j/ value so obtained, the
vibrational quantum number ¢’ is found by equating the inter-
nal energy of the outgoing molecule to the corresponding
Dunham expansions. The values of v and j* found in this way
are then rounded to the nearest integer.

The state-resolved differential cross sections were calculated

Table 1 Summary of quantal calculations performed in this study; the total energy (E) and collision energy (E,) are in kcal mol~*

System E J max E, v Jj v J I

Cl+H, 12.04 30 5.85 0 0 0 0-12 0-30
12.38 30 5.85 0 1 0 0-12 0-31
13.06 30 5.85 0 2 0 0-12 0-32

Cl+D, 10.60 34 6.20 0 0 0 0-16 0-34
10.60 34 6.03 0 1 0 0-16 0-35
10.60 34 5.68 0 2 0 0-16 0-36
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by expansion in Legendre polynomials (see refs. 50-53). The
Smirnov—Kolmorogov test comparing the cumulative prob-
ability distributions was used as the criterion for truncation of
the series. Significance levels higher than 98% could be
achieved using 6-10 Legendre moments, ensuring very good
convergence such that the inclusion of more terms does not
produce any significant change.

As in previous work,!7:54:35 the collision energy dependence
of the reaction cross section, ogx(E,), was determined by
running batches of trajectories where the collision energy is
sampled randomly within the interval [E;, E,]. The E, energy
value is chosen so that the collisional threshold, E,, is larger
than E;. Once the value of the collision energy is randomly
(uniformly) sampled within AE = E, — E,, the impact param-
eter b is obtained for every trajectory as

b= ﬁl/zbmax(Ec) (9)

where f is a random number in the [0,1] interval, and the
maximum impact parameter, b,,,, at a given collision energy,
E.,is given by

< ED>1/2
bmax(Ec) =D\1—— (10)
EC
The values of the parameters D and Ep, (where Ep < E; < E)
are previously determined by fitting the values of the
maximum impact parameters, found at several selected colli-
sion energies, E_, to the line-of-the-centers expression of eqn.
(10). The resulting b, (E.) are such that, for the selected E_,
there are no reactive trajectories for impact parameters larger
than b,,,, . With this kind of energy-dependent sampling of the
impact parameter, each trajectory is weighted by w; = b2_ /D>
Batches of 50000 trajectories for every (v, j) rovibrational state
of H, and D, have been run in the energy range from thresh-
old up to 18 kcal mol~! on the G3 PES. The excitation func-
tions, ggx(E,), were subsequently calculated by expansion in
Legendre polynomials (see refs. 17, 54 and 55) using the
reduced variable,
2E,— E, — E,

r= AL 11)
where AE = E, — E;. The expression for og(E,), truncated
after the Mth order Legendre polynomial, is given by

2R[1 X
ow(E) = [5 + L, Pn<r>] (12)

where R is the Monte Carlo estimate of the integral

R = <ox(E;))AE

2 2 SNR
= or(E)dE, =~ nD*AE —= (13)
E1 N

N is the total (reactive and non-reactive) number of trajec-
tories, and the sum, Sy,, of the weights (w;) of the reactive
trajectories is given by

S = Z Wi (14

The coefficients, b,, of the Legendre expansion of eqn. (12)
are calculated as the Monte Carlo average of Legendre
moments

2 11 M 2 1
b= Y wP(x)= 2Py (15)
2 SNR =1 2

The corresponding expressions to calculate the standard
errors in the coefficients and the reaction cross sections can be
found in refs. 54 and 55.

The method to calculate the collision energy dependence of
the DCS is similar to that described above but uses a double

expansion in Legendre polynomials with arguments r and
cos 0:
1 M

d 2R |1
r [ +3 Y a,,P,(cos 0)
m=1

“RE)=_""|=
da)(°) 2nAE | 4

N

1
= ), b,P
+3 Lh P

M N
+ X Xt Pyfcos G)P,,(r)] (16)
m=1n=1

The value of a,, is the Monte Carlo average of (2m
+ 1)P,(cos 6)2n + 1)P,(cos 6)/4 over the total number of tra-
jectories. See ref. 5 for more details.

The energy evolution of the reaction probability at total
angular momentum J =0, P’=°(E), for the Cl + H,(v =0,
j = 0) reaction has been calculated by running a batch of
50000 trajectories with zero impact parameter and using the
method of moments expansion in Legendre polynomials as
described in ref. 51.

C. Electronic degeneracy

None of the theoretical cross sections (either quasiclassical or
quantal) have been multiplied by a factor to take account of
the electronic degeneracy; thus they correspond to cross sec-
tions for collisions that occur on the ground electronic surface
of the three-body system. To convert them to experimentally
observable cross sections for the CI(?P, 12) state without state
selection on the M; quantum number of the atom, they
should all be multiplied by 0.5, which is the ratio of the elec-
tronic degeneracy (2) of the three-body ground state to the
electronic degeneracy (4) of the infinitely separated ground
state reactants.>®

IV. Theoretical results

A. Reaction probabilities as a function of total energy

Fig. 9 depicts the comparison between the QM and QCT total
and vibrationally state-resolved reaction probabilities as func-
tions of the total energy for the ground-state reaction of H,
with total angular momentum J equal to O on the G3 PES.
The two sets of theoretical results agree qualitatively, with the
general shape of the quantal P’~%E) being well reproduced
by the classical calculations. The QM P’=°(E) curve, however,
shows more structure. Except for the lower total energies, the
QM reaction probabilities are larger than the classical ones,
although for E > 18 kcal mol ™!, the results are very similar.
The thresholds for the appearance of HCIl in v =0 and
v" = 1 deserve special attention. The threshold for HCI(v' = 0)

Cl+H,(v=0,/=0)->HCI(v)+H
0.8 ———r————

T T T T T

J=0 allv'

oL
o

reaction probability
o (=]
nN »

0,0

total energy / kcal mol’

Fig. 9 Total and vibrationally state-resolved QM ( ) and QCT
(——-) reaction probabilities as a function of total energy for the Cl
+ H,(v =0, j =0) reaction calculated at total angular momentum
J =0 on the G3 PES.
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Fig. 10 Integral cross sections as functions of collision energy, i.e.,
excitation functions, for the Cl + H,(j = 0, 1, 2, 3) reaction. (Top) QM
calculations. (Bottom) QCT calculations. All the calculations have
been carried out on the G3 PES.

is somewhat above the classical barrier of the G3 PES (7.88
kcal mol~1). This means that not all the vibrational energy of
H,(v =0, j = 0) is employed to surmount the barrier, even in
classical mechanics. This is consistent with a myriad of pre-
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Fig. 11 QM (—) and QCT (-—-) differential cross sections for the
Cl+ H,(v=0, j=0)—> HCI(v' =0) + H reaction calculated on the
G3 PES at five collision energies ranging from 4.0 to 6.9 kcal mol ™.
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vious quasiclassical studies; for example, similar behaviour
has been found for the D + H, reaction,?” where roughly half
of the v = 0 vibrational quantum was used to overcome the
classical barrier. Below the classical threshold, tunnelling is
the only possible mechanism for HCl production. Inter-
estingly, however, the quantal reactivity is found to be smaller
than the classical one at E < 10.38 kcal mol ™ *, and therefore,
tunnelling does not compensate the effect of the zero-point
energy of the transition state; as a consequence, the effective
threshold is underestimated in the QCT calculation. For the
production of HCI(v' = 1), the smaller threshold obtained in
the QCT calculations as compared to the QM ones has a very
different origin; namely, the quasiclassical binning of final
states which is made by rounding the continuous classical v’
value to the allowed discrete value (nearest integer). This com-
pounds the error of not quantizing the dynamical bottleneck,
and the threshold error is larger for v = 1 than for v' = 0. The
purely thermodynamical threshold for HCl(v' = 1) is 15.45
kcal mol™!, only slightly smaller than the energy where the
QM probability for v" = 1 production becomes significant in
Fig. 9. If only those trajectories with vibrational energy above
v' = 1 were allocated into v' = 1 state, the classical threshold
would be of course very near the QM one. However, if this
naive criterion were used for energies above the v' = 1 thresh-
old, the resulting PJ-%(E) would be much smaller than the
quantal one. This is a limitation of the QCT approach itself,
and no simple solution is available.

B. Integral and differential cross sections

The QM and QCT collision energy dependence of the integral
cross sections, i.e. the excitation functions gg(E,), calculated
for the Cl + H,(v =0, j = 0-3) reaction on the G3 PES are
shown in Fig. 10. In both cases, reactivity decreases as the
reagent rotational quantum number increases. The main dif-
ference between the QCT and QM excitation functions is that
whereas the classical translational energy threshold increases
substantially with initial j, the QM one remains practically
unchanged, in spite of the negative effect of rotational excita-
tion on the reaction cross section at collision energies imme-
diately above the threshold. This same behaviour has been
observed also in QCT studies on the D + H, reaction.>* The
negative influence of reagent rotation on reactivity has been
extensively described for different reactions and various expla-
nations in terms of dynamical models have been advanced;
reviews of the early work are available.>® The subject has been
discussed more recently by Aoiz et al.!’-**55 and Song and
Gislason®® where strongly collinear surfaces were used; the
general idea that has been proposed of how rotation affects
the classical results is that the forces outside the barrier tend
to steer the reactants into the cone of acceptance in the
absence of rotation. Reagent rotation would hinder this steer-
ing, leading to a decline of the integral cross sections with j for
the first rotational quantum, thus diminishing the possible
orienting effect of the PES. These effects are augmented if, as
in the case of the G3 PES, the PES is collinearly dominated.
The fact that in the QM case, an increase of the reaction
threshold with increasing rotational excitation is not observed
can be explained by an enhancement of tunnelling as j
increases,>* but a more likely explanation involves the ten-
dency of successive rotational states to couple to the same
quantized transition state.1°6°

There is experimental evidence!® for the Cl + H, reaction
that the effect of reagent rotation should be positive (not nega-
tive as in the present QM and QCT calculations on the G3
PES). Lee et al.'® have, in fact, measured state-specific excita-
tion functions for the Cl + para-H, and Cl + normal-H, reac-
tions, and from them they have deduced excitation functions
for the reactions with j = 0 and j = 1. Both excitation func-
tions have the same relative translational energy threshold to



reaction, but as collision energy increases the cross sections
for the reaction with j = 1 become larger than for j = 0. The
authors attribute the discrepancies between dynamical calcu-
lations on the G3 PES and their experimental data to defi-
ciencies of the G3 PES.

Fig. 11 shows the QM and QCT DCSs for the Cl + H,(v =
0, j = 0) reaction at collision energies ranging from 4.0 kcal
mol ! to 6.9 kcal mol~ 1. Both theoretical approaches predict
backward DCSs that include larger sideways contributions as
collision energy increases. The QM and QCT DCSs agree rea-
sonably well in general shape, but, whereas the total QCT
integral cross section is larger than the QM one at low colli-
sion energies, at E, > 5.85 kcal mol ™! the behaviour becomes
the opposite. As in the case of the J = 0 reaction probabilities
discussed above, the classical threshold for initial j = 0 lies
below the QM one. Therefore, also in the case of summing
over all angular momenta, the error in QCT due to neglecting
tunnelling does not cancel the error due to neglecting the
zero-point energy at the transition state.

The HCIl(v' = 0) product rotational distributions are shown
in Fig. 12. Interestingly, for E, > 5.85 kcal mol~! the QM and
QCT distributions peak at the same j' values. However, at
collision energies smaller than 5.85 kcal mol~?, the QCT dis-
tributions are significantly cooler than the QM ones. This
may be surprising since one of the shortcomings of the QCT
approach, which is related to the method of assigning
quantum numbers to the product molecules, is that it often
yields hotter rotational distributions than the QM method.
Overall, the best agreement between QM and QCT DCSs and
product rotational distributions for Cl + Hy(v =0, j =0) is
obtained at E, = 5.85 kcal mol 1.
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Fig. 12 QM (-@-) and QCT (-[J-) integral cross sections as a func-
tion of the final rotational state j' of the HCl(v' = 0) product from the
Cl + H,(v =0, j = 0) reaction calculated on the G3 PES at five colli-
sion energies ranging from 4.0 to 6.9 kcal mol 1.

The QM and QCT total DCSs for the Cl + H,(v =0, j =0,
1, 2, 3) reactions calculated at E, = 5.85 kcal mol~! are
depicted in Fig. 13, and the corresponding product rotational
distributions are shown in Fig. 14. The agreement between
QM and QCT DCSs and j' distributions at this collision
energy is good for initial j = 0 and j = 1 and becomes some-
what worse at j = 2 (for j = 3 the QM data are not presented).
The negative effect of initial rotation on reactivity is clearly
seen in the smaller DCS values and integral cross sections
obtained as initial j increases. The QM DCSs are more side-
ways than the QCT ones for j =1 and, specially, for j = 2,
where the QM reactive scattering reaches angles up to
0 = 60°, in contrast with the 8 = 100° in the QCT case. The

Cl + H,(v=0, j) » HCI(v=0, all j) + H
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Fig. 13 QM and QCT differential cross sections for the ClI
+ H,(v =0, j = 0) > HCI(v' = 0) + H reactions calculated on the G3
PES at E, = 5.85 kcal mol ™.
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Fig. 14 QM (-@-) and QCT (-[J-) integral cross sections as a func-
tion of the final rotational state j* of the HCl(v" = 0) product from the
Cl+H,(v=0,j=0, 1, 2, 3) reaction calculated on the G3 PES at
E, = 5.85kcal mol ™.
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Fig. 15 Selected QM (top) and QCT (bottom) rovibrationally state-
resolved differential cross sections for the Cl + H,(v =0, j = 0) reac-
tion calculated on the G3 PES at E, = 5.85 kcal mol ™.

QCT product rotational distributions peak at the same j’
values as the QM ones.

Fig. 15 depicts selected QM and QCT rovibrationally state-
resolved DCSs for the Cl+ H,(v =0, j=0)-> HCIv =0,
j)) + H reaction at E, = 5.85 kcal mol~*. Good agreement is
found for most of the j' states. However, to construct the QCT
DCSs, only 3-4 moments of the Legendre expansion were
used, although the Smirnov—Kolmogorov statistical test based
on the analysis of the cumulative probabilities (see Section
II1.B) indicated that more moments were needed to obtain sig-
nificance levels higher than 0.9. This implies that the first few
moments of the QM and QCT expansions are very similar.
Nevertheless, whereas in the QM case higher moments
become negligible, in the QCT case the number of moments
significantly different than zero are larger (about 6-8). If all
the moments required by the statistical analysis to obtain sig-
nificance levels larger than 0.9 are included, the DCSs would
be more structured, deviating from the QM ones. The same
behaviour has been observed previously for the H + D, reac-
tion at low collision energies,”>°1:%? and it may be a symptom
of the difficulty of deciding which moments are meaningful,
not a true difference of classical and quantum mechanics. In
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Fig. 16 QM and QCT differential cross sections for the Cl

+D,(v=0,j=0, 1, 2) > DCI(v' = 0) + D reaction at the collision
energies E, = 6.20, 6.03 and 5.68 kcal mol™*.
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Fig. 17 QM (-@-) and QCT (-[]-) integral cross sections as a func-
tion of the final rotational state j* of the DCl(v' = 0) product for the
Cl+ D,(v=0,j=0, 1, 2, 3) reaction calculated on the G3 PES at the
collision energies E, = 6.20, 6.03 and 5.68 kcal mol ™.

contrast, for the QM and QCT vibrationally state-resolved
DCSs, the number of moments significantly different than zero
were the same.

Figs. 16 and 17 depict the comparison of the QM and QCT
DCSs and product rotational distributions for the Cl
+D,(v=0,j=0, 1, 2) case at collision energies of 6.20-5.68
kcal mol~! (fixed total energy of 10.60 kcal mol~!). The
agreement between the results obtained from the two theoreti-
cal approaches is similar to what was observed for the Cl
+ H, case; in particular, the shapes of the DCSs are very
similar (backward scattering), but the QCT integral cross
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Fig. 18 QM (—) and QCT (----- ) total and vibrationally state-
resolved differential cross sections for the DCl(v' = 0) product of the
Cl 4+ D,(v = 0, j = 0) reaction obtained from calculations at E, = 9.1
kcal mol ! (top) and 10.27 kcal mol~* (bottom).



section is larger for j = 0, 1 and substantially smaller for j = 2
as compared with the QM results. The good agreement
extends to higher collision energies as shown in Fig. 18, where
the QM and QCT total and v’ state-resolved DCSs for the
Cl+ D,(v =0, j=0) reaction calculated at E, =9.1 kcal
mol~! and 10.27 kcal mol~! are shown. At E, = 9.1 kcal
mol~! the v' = 1 product channel is not energetically acces-
sible. However, due to the quasiclassical assignment of final
vibrational states (see Section III.B), all the trajectories
labelled v = 1 have a vibrational energy less than that corre-
sponding to that state, i.e., classical analogs of the vibrational
numbers between 0.5 and 1.0, and, consequently, reactivity
into v = 1 is found in the QCT case.

V. Comparison between experimental results and
theoretical predictions

The QM and QCT differential cross sections are calculated in
the center-of-mass (CM) coordinate system, and to compare
them to experiment we must convert them to the laboratory
(LAB) system of coordinates. The relation between LAB and
CM fluxes is given by:

I 4p(0, v) = Icw(0, “)172/“2 17)

(where © and v are LAB angle and final speed of products,
respectively, and 6 and u are the corresponding CM
quantities), i.e., the scattering intensity observed in the labor-
atory is distorted by the transformation Jacobian v?/u? from
that in the CM system. However, since the electron impact
ionisation mass spectrometric detector measures the number
density of products, Ny ,5(@), not their flux, the actual relation
that we require between the LAB observable and the CM flux
is given by:

Ny ap(©, v) = Ioy(0, up/u?. (18)

Due to the finite experimental resolution (i.e., finite angular
and velocity spread of the reactant beams and angular
resolution of the detector) the LAB-CM transformation is not
single-valued and, therefore, analysis of the laboratory data
has been carried out by forward convolution over the experi-
mental conditions of the theoretically derived CM functions.

The shape of the LAB angular and TOF distributions of
Figs. 3-8 contain information on the rotational state distribu-
tion of HCl(v' = 0) and DCI(v' = 0), which should be very sen-
sitive to the interatomic torques during the collision and
hence provides a critical test of the PES. The j' rotational dis-
tributions for each initial j level of H, and D, were found in
both QCT and QM calculations to not vary greatly with scat-
tering angle, as shown in Fig. 15 for Cl + H, at E, = 5.85 kcal
mol~!. They were converted into final relative translational
energy distributions, P,(E), and then to CM speed distribu-
tions, P(u), for each initial j of H, and D,, with P (u) treated
as a continuous function. The CM flux for HCI(v' = 0) and
DCI(v' = 0) has been obtained according to:

Iew0,w)= Y w,T(O)Pw (19)
j=0,1,2,3

where w; are the relative weights of the H, or D, rotational
levels in the beam, the T(6) functions are the calculated CM
DCS for each initial j of H, or D, summed over all j (as
shown in Figs. 13 and 19(a)), and the Pju) functions are
obtained from the rotational distributions of Figs. 14 and
19(b) as discussed above. The CM DCS for each initial j is
transformed into the LAB frame using the appropriate Jaco-
bian and averaged over the finite resolution of experimental
conditions, taking into account the strong energy dependence
of the reactive integral cross section.

The curves reported in Figs. 3-8 along with the experimen-
tal distributions were obtained as follows:

(a) for the Cl + H, experiment, we have used the QM DCSs
derived for the different initial j of H, at a constant collision

Cl+D,(v=0,j) - DCI(v*=0, all j)+D

- (a)
0,20 |+

E =6.4 kcal mol”"
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Fig. 19 (a) QCT differential cross sections for the Cl + D,(v =0,
j=0,1,2,3)-> DCl(v' = 0) + D reaction at the collision energy E, =
6.4 kcal mol ™, and (b) integral cross sections as a function of the final
rotational state j' of DCI(v' = 0).

energy of 5.85 kcal mol~!; because of the experimental colli-
sion energy spread, the QM collision energy dependence of
the integral cross section for j = 1 (see Fig. 10), whose contri-
bution to reactive scattering is dominant, was included in the
simulation;

(b) for the Cl + D, experiment, we have used the QCT
DCSs derived for the different initial j of D, at a constant
collision energy of 6.4 kcal mol~! shown in Fig. 19; in this
case the QM calculations were performed only at a constant
total energy of 10.6 kcal mol ™! (see Table 1). However, since
QCT DCSs at the same collision energies for the various
initial j of D, show generally good agreement with the QM
ones (see Figs. 16 and 17), the use of QCT results for the
laboratory simulations is warranted (QM results are expected
to give predictions in the LAB frame which are indistinguish-
able from the QCT ones). The energy dependence of the inte-
gral cross section was also considered in this case as obtained
from QCT calculations.!”

Consider first the Cl + H, reaction. The QM results, aver-
aged over experimental conditions as outlined above, are
compared with the experimental data in Figs. 3 and 6. These
figures show quite good agreement between the calculated and
experimental total LAB angular and TOF distributions (a
similar comparison has been performed between the QCT
results and experiment;® once averaged over the experimental
conditions, the LAB distributions generated starting from
QCT CM functions are indistinguishable from those gener-
ated from QM functions, as expected from the close similarity
between QM and QCT results especially for j =1 of H,,
which is the dominant contribution). The sharp peaking of the
LAB angular distribution in the backward direction is well
reproduced by theory (see Fig. 3), which predicts the CM DCS
to be strongly backward (Fig. 13). Both QM and QCT calcu-
lations indicate that ~80% of the total available energy in the
CM frame is deposited into translation; hence, by energy con-
servation, the remaining 20% goes into product rotation. The
theoretical calculations predict very little variation of the
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product rotational excitation with the scattering angle, and
this is in line with experiment. Indeed, the TOF data are quite
well reproduced (Fig. 6) by using the same rotational distribu-
tion (that is, the same translational energy distribution) in all
angular range of the CM DCS. Even though the general shape
and main features of the LAB angular and TOF distributions
are quite well reproduced by theory, small discrepancies,
which are not within the experimental error, are visible. The
experimental angular distribution is broader; in particular, the
maximum is less sharp and the intensity of the tail at large
angles (on the right side of the CM angle, O, is higher than
that of the QM (and also QCT) prediction (c¢f. Fig. 3). The
slow side of the TOF distributions is also not well predicted,
with a substantial underestimate of the intensity of slow pro-
ducts at all angles (see Fig. 6).

In the case of Cl + D,, the agreement between experiment
and theory is less satisfactory, and the small deviations noted
for Cl + H, become more significant, especially in the case of
the experiment at E, = 6.4 kcal mol™! where the favourable
kinematics helps in revealing them. The LAB angular distribu-
tions derived from the QCT functions are lower than experi-
ment for sideways scattering (i.e., near Oy, see Figs. 4 and 95),
and the small angle TOF spectra are somewhat faster than the
experimental ones (see Figs. 7 and 8).

What is the source of the observed discrepancies? One
possibility is that the QM and QCT calculations on the G3
PES substantially underestimate the reactivity of rotationally
excited reactants (initial j > 0); an increase of reactivity for
j=1, 2 would lead to a significant improvement in the fit of
the experimental data at large angles. However, this would
not be enough, especially in the case of Cl + D,. The strong
collision energy dependence of the integral cross sections has
the effect of cutting out the low collision energy contributions
to the observed signals; as a matter of fact, the most signifi-
cant improvement in the fit of the experimental data can be
obtained by shifting the reaction threshold, so that lower colli-
sion energy Newton diagrams can contribute in the simula-
tion. In any case, the larger cross sections for the reaction with
initial j = 1 in comparison to j = 0 found experimentally by
Lee et al.'® for the Cl + H, reaction, in contrast with the
present theoretical predictions on the G3 PES, and the some-
what smaller reaction threshold found by these authors,
would help to account for our LAB angular distributions and
TOF spectra.

Another possibility is the contribution to reaction from
CI(*P,,,) atoms, also present in the beam, through non-
adiabatic channels. If the spin—orbit energy content were effi-
ciently channelled into relative translational energy in the
entrance channel of the reaction, there would be 2.52 kcal
mol~! extra energy available. The effect would be a shift in
the threshold of the integral cross section to lower energy
values and it might improve the significant disagreement of
theory and experiment for small LAB scattering angles also
because the higher translational energies lead to more side-
ways scattering. In a recent paper by Lee and Liu,'! spin—
orbit effects on the CI(®P)+ H, reaction have been
investigated in a crossed molecular beam experiment by
exploiting two different sources for the generation of CI(*P)
beams. Surprisingly, these authors estimated from their
Doppler-selected TOF measurements that the spin—orbit
excited CI(*P, 12) atoms were more reactive with H, molecules
at E, = 5.2 kcal mol ™' than the ground CI(*P;,) atoms by, at
least, a factor of 5. In addition, they found that for the ground
spin—orbit state reaction, the HCl product appeared trans-
lationally hot with only about 12% of the available energy
disposed into rotation, the j distribution being relatively
narrow (peaking at j’ ~ 4-5) and the DCS peaking at 180°.
However, the HCl produced from the CI(*P, /2) Treaction
appeared rotationally hotter, with the rotational distribution
peaking at j’ ~ 9 and the contribution of large j* values to the
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total, strongly backward, DCS was more in the sideways scat-
tering region.

In conclusion, although the main features of the scattering
results for the title reactions are for the most part well predict-
ed by theory, some discrepancies remain. These discrepancies
may have a similar origin as the discrepancies observed by
Liu and co-workers'! in other recent experiments. First of all,
it seems that those parts of the ground-state potential energy
surface that control rotational energy utilization and disposal,
for example the anisotropy and bending potential, may
require further quantitative refinement. Secondly, the agree-
ment would be improved if there is a significant contribution
of nonadiabatic reaction, and it is important to gain a better
understanding of the possible participation of nonadiabatic
processes (the dynamical coupling of the excited spin—orbit
state of Cl to the ground state) in the observed signal. Elec-
tronically nonadiabatic reactive scattering calculations are
now feasible for three-body systems,®3~°3 but only in the case
of the F + H, reaction have they been combined with accu-
rate potential energy surfaces and couplings;®> extending such
studies to the Cl + H, reaction would be valuable.

V1. Concluding remarks

Experimental laboratory angular distributions and time-of-
flight spectra have been measured for the Cl + H, and Cl
+ D, reactions using a universal crossed molecular beam
apparatus. Quantal and quasiclassical trajectory calculations
have been carried out for the two isotopic variants on the G3
PES at a series of collision energies and initial rotational
states, in order to obtain reaction probabilities as a function
of total energy for J =0, and the energy dependence of the
integral cross section and differential cross sections.

The most significant differences between QM and QCT
results are found at low collision energies in the vicinity of the
effective reaction threshold. For initial j =0 the QCT cross
sections are larger than the QM ones, whereas at j = 1 and,
especially, at j =2 the opposite situation takes place. The
shapes of the vibrationally resolved DCS are similar in the
two cases.

The general features of the experimental LAB angular dis-
tributions and TOF spectra can be simulated well using either
the QM or QCT results. However, a detailed inspection shows
some significant discrepancies between experiment and theory
which could be attributed to a larger reactivity as initial j
increases, just the opposite behaviour than that obtained in
the present QM/QCT calculations on the G3 PES, and/or to
the participation in the reaction of spin—orbit excited CI(*P, 12)
atoms, present in our beam.
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Note added in proof

A new, fully ab initio PES for CIH, has recently been
published®® as well as a semiempirical surface obtained by



scaling the ab initio correlation energy using the SEC
method.®” The semiempirical surface has saddle point proper-
ties very similar to the G3 surface but a wider barrier. It will
be interesting in the future to compare the prediction of the
new PESs with the present scattering results.
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