Prof M. Brouard
SUMMARY

REACTION DYNAMICS

6 Lectures

. Introduction

Thermally averaged collision properties: state resolved properties.
Individual collision events: conservation of energy and angular momentum.
Concept of a cross section.

Potential energy surfaces and collision dynamics.

. Elastic and Inelastic scattering
Total and differential cross sections: molecular beam scattering experiments.

Types of energy transfer and their relationship to intermolecular forces.

. Reactive scattering: determining the angular distribution
Crossed molecular beam methods.

Reaction mechanisms: Stripping mechanism and the harpoon model; Rebound
reactions; Complex formation.

Stereochemistry and cones of acceptance.

. Reactive scattering: controlling reagents and characterizing products

Selection of reagent states and control molecular orientation.

Laser based methods for reagent state selection.

Spectroscopic based methods for detecting products. Infrared emission. Laser
based methods.

. Reactive scattering: interpretation

Potential energy surfaces and attractive and repulsive energy release.

Mass effects.

Microscopic reversibility: use of reagent energies.

Non-adiabatic processes.

. Probing the transition state.
Half collisions and photodissociation dynamics.
Femtochemistry.

Photodetachment spectroscopy.
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PROBLEMS

1. Energy and angular momentum in chemical reactions

The reaction
K+, — KI +1

was studied at a mean relative velocity of 800 ms™!, with I» in thermal equilib-
rium at 300 K. The reaction cross-section was found to be 170 A2.

Use the data in the table below to estimate

(a) the total energy available to the products,
(b) the maximum orbital angular momentum quantum number, L.y, and
(c) the rotational energy of the KI product if J' = Lyax, where J' is the

rotational angular momentum quantum number for KI.

Identify any assumptions made in obtaining the estimate in (b).

I KI
Do/kJmol~t 149 319
We/em ™1 214.5 186.5
Be/em ™t 0.037 0.061

[The mean vibrational energy of the I» reactants may be calculated assuming
By = hewe/(e%/T — 1) with 0, = hcw,/kp.]

. The line-of-centres model (for reactions with a barrier)

The cross-section, oy (E}), for the endothermic reaction
K + HCl — KCl + H

increases with the collision energy, Ey, in the following way:

E¢/kJmol~! 9 15 30 50
0:(E;)/1072m? | 0.5 1.25 2.0 22

(a) Show that the cross-section data are consistent with the line-of-centres
model

E
ov(By) = md® (1 - Ff) Ey > Ey

and determine the threshold energy, Fy, and the limiting, high collision
energy cross-section, wd?.

(b) In terms of the reaction cross-section, the thermal rate constant can be
written

SksT\'? [~ E, - dE,
k(T) = Et o (By) e (Ee/keT)
( ) ( ™ ) Eo kBTU( t)e kBT

Use this equation to obtain a line-of-centres expression for k(7"). Comment
on the result you obtain. You may use the following integral without proof

/ (x—a)e Xdx=e?

(c¢) Vibrational excitation of HCI from v = 0 to v = 1 increases the reaction
cross-section by a factor ~10. What features of the potential energy surface
for the reaction would be likely to give rise to such behaviour.

3. Harpoon reactions (a class of reactions often without barriers)

(a) When neutral K reacts with Brg, the KBr product is scattered in the
forward direction relative to the K atom, with a reaction cross-section
that is large compared with the gas kinetic cross-section. Explain how the
IP of K (418.8kJ mol~1!) and the electron affinity of Bra (245kJ mol~1) can
be incorporated into the harpoon mechanism to account for this. Estimate
the reaction cross-section.

[The Coulomb potential between particles of charge ¢; and ¢2 is V =
aqiqz/r with a = 9.0 x 10°JC2m~1)]

(b) How would you expect the cross-sections for reaction with Bry to vary in
the series, Na, K, Rb, Cs?

(c) Describe an experiment that could be used to study the angular depen-
dences of the KBr product in the K + Brs reaction.



4. Kinematics and spectator stripping

Two reagent molecules A and BC, on collision course with initial velocities wa
and wpc with respect to their centre of mass, react to form AB and C. If
the final velocities of the two products are w/y 5 and wg,, show that their final
translational energy is

2

MmamMc w

El=——" ( < ) By (1)
mABMBC \ WBC

Discuss the dynamical consequences of Equation (1) if the atom C acts as a
‘spectator’, so that the relative speed of C and BC are equal, wy = wgc.
Under what conditions would you expect ‘spectator’ dynamics to convert the
initial collision energy, E, into product translational energy, product internal
energy, or to promote collision induced dissociation?

5. Energy disposal and kinematic constraints

(a) Briefly outline experimental strategies currently available for measuring
the partitioning of energy in between vibration, rotational, and translation
in the products of an exothermic atom transfer reaction

A + BC — AB(v,j') + C

(b) How may the properties for vibrational and translational energy disposal
be influenced by the topography of the potential energy surface over which
the reaction proceeds, and by the masses of the atoms involved? Illustrate
you answer by reference to the data, determined at 300 K, for the following

reactions

(fvib)  {(ftrans) Product scattering
H + Cly — HCI(W,j) + Cl 039 0.54 backward
Cl + HI — HCI(v',j) + I 0.71 0.16 forward

[(fvib) and {firans) are the mean fractions of the total energy disposed into
vibration and translation, respectively.]

(¢) Explain how the constraints imposed by the conservation of angular mo-
mentum influence the disposal of rotational energy in the reaction

Ba + HI — Bal(v/,j) + H

This reaction has been studied under crossed molecular beam conditions,
at a reagent relative velocity, v, = 976 ms™'; the rotational state dis-
tribution in the product, Bal, was found to peak at the value J' = 420.
Given the orbital angular momentum of the reagents in this reaction can
be written L = puvrelb, estimate the most probable impact parameter, b,
and the reaction cross-section.

[Take the masses to be mp, = 137.3 u, mg = 1.0u, and m; = 126.9 u.]

6. Differential cross-sections

The figures below show the KI product flux contour plots in the centre-of-mass
(CM) frame for the K + Iy (left) and K + CHj3I (right) reactions.

Explain how data like these might be obtained.

What can be learnt about the dynamics of the two reactions from these figures?
(The outer rings of dots show the maximum CM velocities of KI in the two
reactions.)

Contrast the scattering behaviour observed for the above two reactions with
that found for the reaction S(*D) + Ha — SH + H, the differential cross-section
for which is shown below.
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7. Differential cross-sections and transition state spectroscopy

OH in its ground electronic state undergoes the reaction

OH+ Dy — HOD +D

which is isoelectronic with the F 4+ Hs reaction. The figures below show plots
of the D-atom product flux in the centre-of-mass frame for the above reaction.
The experiments were performed under molecular beam conditions, with the
D-atom products detected by a laser ionization technique.
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The dashed rings are labelled according to the number of quanta m in the
bending mode, and n in the OD stretching mode of HOD(m, n).

(a) What does the above figure suggest about the mechanism of the reaction?

(b) What spectroscopic experiments might be performed to probe the transi-
tion state region of this reaction (or a similar reaction) more directly?



