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Abstract

A new and flexible velocity-map ion imaging apparatus, designed for the study of pho-
todissociation processes and photon-initiated bimolecular reactions in a single molecular
beam, has been constructed, developed and characterised. An image Legendre moment
fitting analysis was developed to allow recovery of centre-of-mass (CM) angular scattering
and kinetic energy release distributions from velocity-map ion images of the products of
photon-initiated bimolecular reactions.

The Legendre moment analysis methodology has been applied to images of the HCl(v′ =
0,j′ = 0–6) products of the reactions of Cl(2P3/2) atoms with ethane and n-butane at colli-
sion energies of 0.24 eV and 0.32 eV respectively. The Cl(2P3/2) reactants were generated
by polarised laser photodissociation of Cl2 at 355 nm. For reaction with ethane, the CM
angular scattering distributions show a steady trend from forward scattering at low j′ to
more isotropic, but backward peaking, scattering at high j′. An impact parameter-based
mechanism is proposed to account for the observed dynamics. Abstraction of a hydrogen
atom from a primary carbon site in n-butane is seen to produce rotationally very cold HCl
products that are forward scattered, whereas H atom abstraction from a secondary car-
bon site in n-butane yields more isotropically scattered HCl products formed with higher
rotational excitation. A peripheral mechanism is proposed to operate for the primary
abstraction channel, whilst a more rebound type mechanism is seen to account for the
dynamics of the secondary abstraction channel. Around 22% and 30% of the available
energy is found in internal modes of the alkyl radical co-products of the Cl + C2H6 and
Cl + n-C4H10 reactions respectively. Possible sources of alkyl co-product excitation are
discussed in each case.

The hydrogen or deuterium atom abstraction reactions of Cl(2P3/2) with CH4, CD4 and
CH3D, have been studied at mean collision energies around 0.3 eV. Chlorine atom reac-
tants were generated by polarised laser photodissociation of Cl2 at 308 nm. The methyl
radical products were detected using (2+1) resonance-enhanced multi-photon ionisation,
coupled with velocity-map ion imaging. The laboratory frame speed distributions ob-
tained from the images are in excellent agreement with previous work. The interpretation
of the experiments is shown to be very sensitive to assumptions made about the reactant
velocity distributions. If these are assumed to be narrow, the data are seen to suggest
that a significant fraction of the product signal must arise from the reaction of Cl with
vibrationally excited methane reactants. This conclusion is in agreement with previous
photon-initiated reaction studies. However, by allowing for the spread in collision energies
in the molecular beam, it is shown that it is possible to fit the data sensibly assuming re-
action with vibrational ground state methane alone. CM angular scattering distributions
thereby derived are presented for all three reactions.
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Chapter 1

Introduction

1.1 Motivation

Through the study of chemical reaction dynamics, one seeks to describe and under-

stand fully at the most fundamental level possible the processes that take place when

atoms and molecules interact and undergo chemical change. Our understanding of

the intimate dynamics of a chemical reaction has, at its foundation, the concept of

the potential energy surface (PES) [1]. In principle, the PES for any system may

be constructed by ab initio quantum chemistry methods through solution of the

Schrödinger equation for the electronic motion at all configurations of the system.

Such calculations of PESs are subject to the Born–Oppenheimer approximation, in

which it is assumed that nuclear motion may be decoupled from that of the elec-

trons. In reality, however, calculations of this sort can be extremely complex and

PESs are often constructed semi-empirically or even entirely empirically. There are

cases in which the Born–Oppenheimer approximation cannot be applied, so that

PESs for each of the accessible electronic states are required; such effects are termed

non-adiabatic and accurate methods of calculating the couplings between surfaces

are currently under development. The key goal of reaction dynamics is to under-

stand the link between the PES and the properties of a reaction [2]. Once a PES

has been calculated, quantum mechanical (QM) scattering [3] or quasi-classical tra-

jectory (QCT) methods may be used to determine all the physical observables for

1
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the reaction described by the surface. The two types of calculations represent dif-

ferent methods of describing the evolution of the system from reagents to products.

Within the QCT method, the system is defined in a precise ‘quantum state’ and then

is evolved in time using classical mechanics only. The products are then assigned to

‘quantum states’ by an energy binning procedure [4]. This technique is frequently

used as an alternative to QM methods which, while in principle more rigourous, are

generally limited to simple three-atom systems by the rapid increase in complexity

of solving the Schrödinger equation for the nuclear motion as the number and mass

of the atoms involved increases.1

Physical observables sensitive to the nature of the PES include the product

quantum state distribution, the product angular scattering distribution and the

direction of product rotational motion. The results of calculations on a given PES

may be compared with experimentally measured values, providing a very sensitive

test of the accuracy of the PES used and of the ability to predict in detail the

dynamical characteristics of reactions.

1.2 Angular Scattering Distributions

In 1939, Evans and Polanyi discovered that the topology of the PES for a reaction

impacts upon the product quantum state distribution [5] and it is now accepted

that the shape of the PES influences many aspects of the chemical process it de-

scribes. Experimentally determinable properties of a reaction are not limited to

scalar, directionless characteristics such as the reaction rate constant or the product

quantum state population distribution, but also incorporate properties directly as-

sociated with molecular motions during the reactive encounter, which are described

by both magnitude and direction. Since the PES for a reaction is angular depen-

dent, important information about the dynamics of the reaction may be obtained

by investigating these vector properties of the reactants and products. One such

1For QM time-dependent and time-independent calculations the difficulty of the problem scales
with n3 and n2 repspectively, where n is the number of atoms involved.
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property is the differential cross-section (DCS), dσr/dω, which characterises the de-

pendence of the reaction cross-section, σr, on the angle between the reagent and

product relative velocity vectors. Differential cross-sections (and the related angu-

lar scattering distributions) can provide a powerful means of probing the PES [6–9]

and the experimental determination of differential cross-sections for elementary bi-

molecular reactions is therefore the principal purpose of the work presented in this

thesis.

The relationship between the DCS and the reaction cross-section is given by

σr =

∫ 2π

0

∫ π

0

dσr

dω
sin θ dθ dφ, (1.1)

where dω is the solid angle sin θ dθ dφ. In the course of the work in this thesis, the

angular scattering distributions, (1/σr)(dσr/dω), are measured; these distributions

are normalised to unity and must be multiplied by the reaction cross-section to

obtain the corresponding DCSs.

1.3 Experimental Techniques in Reaction

Dynamics

The experimental methods that have been developed to probe the topology of the

PES may be loosely divided into three categories:

Reactant quantum state selected experiments. These experiments provide in-

formation about the entrance region of the PES. Insight into the dynamics of

a reaction is provided by preparing reactants in specific quantum states and

analysing the dependence of the experimental observables on the initial state

of the reagent prepared. Examples of such studies include work carried out on

mode-specificity in the H + H2O (HOD) reactions by Crim and co-workers [10–

14], Zare and co-workers [15, 16] and Smith and co-workers [17], in which the

vibrationally excited O–H (O–D) bond was seen to react preferentially. The
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likelihood of fission of the excited bond was found to be significantly greater

than for the unexcited bond.

Product quantum state selected experiments. These experiments probe the

exit channel of the PES. The structure of the transition state and the forces

operating on it in this region of the PES can be inferred by measurement of

the various properties associated with the products. A typical observable is

the distribution of the available energy between the various degrees of free-

dom in the products of a reaction, which can be a useful tool in revealing

the nature of the transition state and product valley of the PES. The transi-

tion state may be probed indirectly by analysis of the results of state-to-state

experiments, by establishing connections between the reactant and product

quantum state population distributions [18–20]. These relationships can re-

veal how, in the transition state, chemical bonds are broken and new ones are

formed. Qualitative information about the location of the barrier to reaction

may be provided, for example, from the energy partitioning in the products

using Polanyi’s rules [20].

Transition state spectroscopy. These measurements are concerned with probing

the reaction in and around the region of the transition state. Although these

yield perhaps the most enlightening information about the PES in the inter-

action region, direct interrogation of the transition state is not possible for

the vast majority of reactions. In a few specific cases, however, spectroscopic

methods have been successful in overcoming this difficulty. Neumark and co-

workers [21], for example, used anion photoelectron detachment spectroscopy

to investigate the transition state of the F + H2 reaction. The anion of the

species of interest, FH−
2 , was formed by electron bombardment of a suitable

mixture of precursor molecules in a free-jet expansion. The anions were then

studied using conventional photoelectron spectroscopy. The resulting photo-

electron spectrum was seen to consist of a series of transitions corresponding

to excitation to vibrational ‘states’ of the FH2 transition state. The FH2 moi-
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ety was determined from ab initio calculations to be produced in a region on

the reactant side of the reaction barrier. From this it was concluded that the

technique should be a good probe both of the barrier height and of the bend-

ing potential in the transition state region of the F + H2 PES. Indeed, the

peaks in the photoelectron spectrum were later assigned to bending (hindered

rotation) modes of the H2 [22], which were excited by relaxation of the linear

FH−
2 to the bent FH2 on loss of the electron. Direct experimental evidence

that the minimum energy path for the F + H2 reaction passes through a bent

FH2 structure at the barrier was thus provided by the spectrum.

An alternative approach to stabilising the reactant molecules in restricted

geometries is through creation of van der Waals complexes by jet-cooling a

mixture of the reagents in a supersonic expansion. This can subsequently be

probed using conventional spectroscopy to investigate directly the relevant re-

gions of the corresponding reactive PESs [23]. It should be mentioned here

that van der Waals complexes present the only way in which bimolecular reac-

tions can be investigated using femtochemistry techniques in real time, since

they allow an accurate ‘time zero’ for the reactive process to be defined [24].

The work described in this thesis falls within the second category and involves

preparation of the reagents of a bimolecular reaction in low rovibrational quantum

states through cooling of the internal degrees of freedom in a supersonic expansion

and detection of the products rovibrational quantum state selectively. In order to

put the current work in context, a review of some of the experimental techniques

that have been employed to explore the dynamics of gas-phase reactions is given in

the remainder of this Section.

1.3.1 Crossed Molecular Beam Methods

One of the most historically important techniques developed in the field of experi-

mental reaction dynamics is the crossed molecular beam method. The technique in-

volves reaction at the intersection of two molecular beams of reactants, often coupled
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with time-of-flight mass spectrometric (TOF-MS) detection of the products. The

method was initially developed in the 1950s by Herschbach, Lee and co-workers2 [25]

and has been used successfully to determine state-averaged DCSs for an extensive

list of reactive and inelastic collisions. In addition, for a few benchmark reactions

the crossed molecular beam method has also allowed some of the most detailed and

accurate measurements of both state-resolved and state-to-state DCSs [26–28].

Molecular beams are generally generated in one of two ways, with the choice of

which depending on the reactants to be employed. Early experiments used effusive

atomic beams of alkali metal atoms, which were formed by heating the metal in

an oven and then allowing the gas-phase atoms to escape through a pinhole into a

high vacuum scattering chamber. Reactant beams of this type are characterised by

broad speed distributions due to the temperature of the oven source. In contrast,

stable molecular reactants are usually formed into supersonic beams by adiabatic

expansion from very high pressures of the gas through a nozzle. By suitable choice

of nozzle orifice diameter and backing pressure, a molecular beam with very high

molecular speeds in the beam direction and very low speeds orthogonal to it may

be produced. By using a pulsed nozzle, the total gas flow through an experiment

can be minimised, which both reduces pumping requirements and also allows the

use of greater backing pressures of the gas, thus resulting in colder and more intense

molecular beams. Pulsed molecular beams are ideally suited to experiments in which

the detection is also pulsed, as is frequently the case with laser based methods. In

general, non-effusive methods have the advantage that the rotational and vibrational

degrees of freedom of the reactant molecules are cooled by collisional relaxation in

the expansion region directly in front of the nozzle. The extent of cooling may be

increased by seeding the reagent in an inert carrier gas such as helium or argon. The

collision energy of the reaction under study may thus be controlled by varying the

carrier gas composition and source temperature, along with the angle at which the

2The pioneers of this area of research, Dudley R. Herschbach, Yuan T. Lee and John C. Polanyi,
were awarded the 1986 Nobel prize in chemistry “for their contributions concerning the dynamics
of chemical elementary processes”.
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Figure 1.1: A schematic diagram of a ‘universal’ crossed molecular beam instru-
ment with fixed effusive beam sources and rotating mass spectrometer TOF detector.
Adapted from Ref. [26].

reactant beams intersect.

A number of techniques to form beams of aligned and oriented molecules using

strong electric and laser fields have also been developed and used extensively in

conjunction with the crossed molecular beam method. Comprehensive reviews of

the most recent developments in experimental techniques and their application to

dynamical stereochemistry may be found, for example, in Refs. [29–31].

‘Universal’ TOF-MS detection

In a typical ‘universal’ crossed molecular beam machine, time-of-flight (TOF) spec-

tra of all reaction products are recorded as a function of the laboratory recoil angle

for single and well-defined collision events using a rotatable electron-impact ioni-

sation (or photoionisation) mass spectrometer detector and a pseudo-random TOF

system. A schematic of a ‘universal’ crossed molecular beam instrument is shown

in Figure 1.1. The advantage of the mass spectrometer lies in the fact that it is ex-

tremely flexible and allows the detection of almost any atomic or molecular fragment
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of interest.

The raw data from these experiments normally consist of the reaction product

number density as a function of laboratory speed and scattering angle, Θ, which is

usually defined relative to the propagation direction of one of the molecular beams.

In order to obtain the differential cross-section and the relative speed of the reaction

products, the measured data are first converted to product flux (by multiplication

by the product speed) followed by transformation from the laboratory (LAB) frame

to the centre-of-mass (CM) frame [32]. Owing to the finite resolution of the ex-

perimental conditions (the angular and velocity spread of the molecular beams and

the angular resolution of the detector), this frame transformation of the experi-

mental data is typically performed using a forward convolution procedure, in which

trial CM frame distributions are iteratively adjusted and compared to the observed

data. The resulting information is usually presented in the form of a product flux

velocity-angle contour plot.

Although the crossed molecular beam technique can be tuned to provide well-

defined reactant kinetic energies and the high angular resolution presents a conve-

nient method with which to measure differential cross-sections and excitation func-

tions (the collision energy dependence of the reaction cross-section), there remain

some significant limitations of the conventional crossed molecular beams method.

The most important and well-cited of these are:

• The time-of-flight resolution of a crossed molecular beams experiment is usu-

ally limited by the velocity spread in the molecular beams. The resulting

product kinetic energy distribution is not therefore usually of sufficiently high

resolution to allow different quantum states of the products to be resolved.

One famous example of a crossed molecular beam experiment where favourable

kinematics and product energy level spacings allowed vibrational state reso-

lution of the DCS to be achieved is that carried out by Lee and co-workers

on the F + H2 reaction [33, 34]. Indeed, Toennies and co-workers have since

reported resolution of the HF rotational levels in this system [35–38].
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• The very low pressures required to create and maintain supersonic reactant

molecular beams result in low product number densities and correspondingly

poor signal-to-noise ratios. This limits the number of systems that may be

investigated using this technique.

• The method is not well suited to studies at low collision energies, owing to the

high translational energy of the reactants provided by the supersonic molecular

beams employed. Note that this limitation may be overcome to a certain extent

by judicious choice of the intersection angle of the molecular beams.

Some of these limitations have been addressed in recent years by combination of the

crossed molecular beam method with laser spectroscopic detection methods. These

new techniques are described in the following Sections.

Rydberg Atom TOF Spectroscopy

Representing a significant development of the crossed molecular beams method,

the highly sensitive and extremely high resolution Rydberg ‘tagging’ technique was

recently developed for the detection of hydrogen atoms by Welge and co-workers [39].

They applied the technique to the study of the

H + D2 GGGGA HD(v′, j′) + D (1.2)

reaction in a crossed molecular beam instrument [39–44]. A schematic diagram of

the apparatus is shown in Figure 1.2. In these experiments, the nascent D atom

products in the collision volume were ‘tagged’ with high selectivity and sensitivity

using two laser photons to effect a double-resonant excitation to a long-lived Ryd-

berg state with high principal quantum number (n ∼ 70). The translational and

angular distributions of the D atoms were monitored through field ionisation at the

end of the TOF. By ‘tagging’ the deuterium atoms rather than ionising them, the

possibility of velocity spread due to ionic repulsion is eliminated. In addition, since

the D atoms are selected for detection spectroscopically, no mass analysis is required.
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Figure 1.2: A schematic diagram of a crossed molecular beam instrument with
H Rydberg atom TOF spectroscopy rotating detector (left). Also shown is a more
detailed view of the scattering region and rotatable detector (right). Adapted from
Ref. [39].

Most importantly of all, the technique is effectively background free, since the de-

tector is sensitive only to the deuterium atoms that are initially moving towards

the detector. From the conservation of momentum, Welge and co-workers were able

use the technique to resolve all of the rovibrational levels of the HD co-product in

the kinetic energy distribution of the D atom product of reaction 1.2. This was

the first example of the derivation of state-to-state DCSs for a chemical reaction.

Yang and co-workers have subsequently conducted a series of experiments on the

O(1D2) + H2 [45], D2 [46], and HD [47] systems using this method, while Davis and

co-workers have used the technique to investigate the OH + D2 GGA HOD + D reac-

tion [48]. The resulting velocity-angle contour plot from the latter study is shown in

Figure 1.3. It should be noted that this technique may represent the only method

with which to obtain internal state distributions for the polyatomic co-fragment in

reactions producing X + H/D when X is not amenable to laser based detection

methods. A drawback to the technique, however, is that in order to achieve the
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Figure 1.3: Velocity-angle contour plot obtained from a D atom Rydberg tagging
experiment on the OH + D2 −→ HOD + D reaction. Taken from Ref. [48].

remarkably high kinetic energy resolution possible, the probe lasers are necessarily

focussed, making the interaction volume significantly smaller than the molecular

beam overlap volume. In order to obtain the desired DCSs, extensive modelling is

therefore required [40]. Moreover, such ultra-high resolution can be fully realised

only when the Rydberg H/D atom ‘tagging’ detection scheme is combined with very

high translational energy molecular beams.

Doppler-Selected Time-of-Flight

The novel Doppler-selected TOF technique implemented by Liu and co-workers [49]

represents a significant advance in the development of crossed molecular beam meth-

ods. The Doppler-shift and ion TOF techniques are combined in an orthogonal

manner such that the three-dimensional (3D) velocity distribution of the reaction

product is directly mapped out in a CM Cartesian coordinate. The versatility and

power of the technique has been extensively demonstrated by its application to the

investigations of the reactions O(1D2) + HD [50–52], S(1D2) + D2 [53, 54], Cl(2P) +

H2 [55] and CN + D2 [56]. The H or D atom products were detected in each of these

studies, so as to take advantage of their large recoil velocities and thus to maximise
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Figure 1.4: The basic concepts of the Doppler-selected TOF technique for mapping
the 3D product distribution. The slice represents a Doppler-selected two-dimensional
(2D) velocity distribution for a certain vz. The strip on the 2D slice is the one-
dimensional (1D) distribution measured by the TOF technique under the restriction
of a slit. Adapted from Refs. [26, 49].

the TOF resolution. A schematic diagram of the method is shown in Figure 1.4. The

H(D) atoms are probed via resonance-enhanced multi-photon ionisation (REMPI)

in the collision region of the two pulsed molecular beams. The ionisation laser is

arranged to propagate parallel to the relative velocity axis, z, in order to take advan-

tage of the cylindrical symmetry of the scattering event along the relative velocity

vector. Using the Doppler-shift, the laser frequency is tuned so that a subgroup of

the products, with component vz in the CM frame, are ionised. Rather than de-

tecting the whole signal arising from the resulting ‘slice’ through the 3D scattering

distribution as a single data point, as in the conventional approach, the ions are dis-

persed both spatially and temporally. A slit placed in front of the detector ensures

that only those products with vx ≈ 0 are detected, so that a 1D sampling of the

product velocity distribution is achieved. By recording TOF spectra at successive

probe laser wavelengths over the product Doppler profile, it is possible to map out

the entire 3D scattering distribution essentially in the CM frame in Cartesian coor-

dinates. The resolution in this coordinate system is constant along each of the axes.

When recast in the conventional product flux velocity-angle contour plot in polar

coordinates, however, different speed resolutions along different CM scattering an-

gles are obtained. The TOF resolution is highest for sideways scattering, while it is
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more limited in the forward and backward directions. Some co-product vibrational

resolution was achieved in the study of the S(1D2) + D2 reaction [53, 54].

Ion Imaging Techniques

A relatively new modification of the REMPI-TOF detection scheme involves direct

measurement of the velocity distribution of the products of a scattering process on a

position sensitive detector. In this way, the product angular and speed distributions

can be measured simultaneously with, in principle, quantum state resolution. The

technique was pioneered by Chandler and Houston [57] and was used initially for the

product state selective investigation of photodissociation processes. Comprehensive

reviews of the field of ion imaging may be found, for example, in Refs. [58–62]. In

this method, the products are ionised via REMPI in an electric field and accelerated

down a TOF tube where they impinge on a detector consisting of micro-channel

plates (MCPs) coupled to a phosphor screen and a charge-coupled device (CCD)

camera. When the ions strike the MCPs at a certain position, the stream of electrons

produced results in a luminescence at the corresponding position on the phosphor

screen that is subsequently captured by the CCD camera.3 The ion image that is

recorded is thus a 2D projection of the 3D scattering distribution. In general, the

ion imaging technique is most suited to the detection of slow moving species. The

ion imaging method was first used in conjunction with crossed molecular beams in

studies of Ar + NO inelastic scattering by Houston and co-workers [63, 64]. Chandler

and co-workers studied the reaction

H + n−D2(v = 0, j = 0, 1) GGGGA HD(v′, j′) + D (1.3)

by detecting the D atom [65]. A numerical procedure, the inverse Abel transform,

was used to recover information about the speed and angular distributions of the

products from the 2D projection. The images of the D atom provided the DCS of the

3A more comprehensive description of the prototypical ion imaging apparatus is given in Chap-
ter 2.
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Figure 1.5: Left: Image for the hydroxyisopropyl radical products of the Cl + iso-
propanol reaction at a collision energy of 0.52 eV. Forward scattering (0◦) corresponds
to the isopropanol beam propagation direction. Right: The corresponding kinetic en-
ergy (top) and angular scattering (bottom) distributions. Adapted from Ref. [66].

reaction summed over all rovibrational states of the HD co-product. The different

vibrational levels of the HD(v′) co-product were resolved as separated rings in the

transformed image, with the intensity distribution of each ring in the polar direction

giving the vibrational state resolved angular distribution. The resolution in these

experiments was limited by the finite interaction region of the ionisation laser with

the molecular beam overlap volume and by inhomogeneities in the electric field

around the grid wires in the mesh of the extractor electrode which led to deviation

of the ion velocities.

More recently, the resolution of the ion imaging method has been dramatically

improved with the advent of the velocity mapping scheme [67]. In this arrangement,

the grid used for ion extraction in the early experiments is replaced by a simple three-

plate ion lens with open electrodes. Using these velocity mapping optics, all ions with

the same mass and velocity strike the same point on the detector at the same time,

regardless of their point of formation. With the benefits of these improvements,

Chandler, Houston and co-workers have compared the inelastic scattering of NO

from He and H2 [68], and have also studied the Ar + HCl [69] and Ne + CO [70]

The figure originally located here has been removed from this version 
of the thesis for copyright reasons
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Figure 1.6: Schematic diagram of the ‘crossed’ parallel beam experiment of Suits
and co-workers used to investigate the O + cyclohexane, n-butane, i-butane and n-
pentane reactions. O(3P) and O(1D2) atoms were produced by photolysis of SO2

and N2O respectively, at 193 nm. The alkyl products were detected via single photon
ionisation using 157 nm laser radiation coupled with velocity-map ion imaging. Taken
from Ref. [75].

inelastic scattering systems. A similar method was used by Chandler, Cline and co-

workers to investigate orientation in the rotation of NO following inelastic scattering

from Ar [71]. Very recently, crossed molecular beams have been used in conjunction

with velocity-map ion imaging by Suits and co-workers to study the O(1D2) + D2

reaction in which the D atom was detected [72], and the H atom abstraction reactions

Cl + methanol, ethanol and isopropanol, in which the hydrocarbon radical products

were detected non-state selectively via single photon ionisation using 157 nm laser

radiation [66, 73]. An example image and the corresponding CM angular scattering

and kinetic energy distributions are shown for the Cl + isopropanol reaction in

Figure 1.5.

‘Crossed’ Parallel Beams

An interesting adaptation of the H Rydberg atom ‘tagging’ instrument of Welge

and co-workers was reported recently by Suits and co-workers and used to study the

O(3P) + c-C6D12 [74, 75], O(3P) + n-C4H10 [75], O(3P) + i -C4H10 [75], O(3P) +

n-C5H12 [76] and O(1D2) + n-C5H12 [76] reactions. A schematic of the apparatus

is shown in Figure 1.6. Two pulsed, skimmed, parallel molecular beams containing

the alkane and the O atom precursor were generated a small distance apart, with

the alkane beam propagating along the axis of the velocity mapping ion lens. O(3P)

and O(1D2) reactants were produced by 193 nm photodissociation of SO2 and N2O
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respectively. The fast moving O atoms thereby produced cross the alkane beam

a small distance downstream from the photolysis region. The choice of photolysis

region dictates the collision energy selected. The alkyl radical products are then de-

tected non-state selectively via single photon ionisation using 157 nm laser radiation

coupled with velocity-map ion imaging. It should be noted that the experiments are

inherently more sensitive to products with low velocities that are backward scat-

tered and, reflecting this fact, the resulting images were therefore analysed using a

forward convolution technique.

The technique has also been used by Kitsopoulos and co-workers to investigate

hydrogen atom abstraction from small organic molecules by chlorine atoms [77–

79]. Cl(2P3/2) atoms were produced using 355 nm radiation and the HCl reaction

products detected using (2+1) REMPI. In this apparatus the two molecular beams

were not skimmed, but free-jet expansions used instead. It was hoped that product

number density would be increased without significant degradation in the quality

of the images obtained. This was confirmed by comparison of the results obtained

using this new apparatus [77] with those of the Cl + ethane and Cl + n-butane

reactions presented in Chapters 4 and 5. Angular scattering and kinetic energy

distributions were obtained by direct integration of the raw data over velocity and

angle respectively. In the last few months, Orr-Ewing, Kitsopoulos and co-workers

have also investigated the Cl + methanol and dimethyl ether [78] and Cl + CH3Cl

and CH3Br [79] reactions using this technique.

Crossed Molecular Beam Time-Sliced Ion Velocity Imaging

A further recent development of imaging methods applied to the crossed molecu-

lar beam technique has been the time-sliced velocity imaging detection scheme of

Liu and co-workers [80]. The method is essentially a variant of the slice imaging

techniques developed previously for investigation of photolysis processes [81–85].

The reaction products are probed via REMPI in the intersection region of the two

molecular beams. A weak d.c. extraction field is used to spread the ion arrival
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Figure 1.7: Left: Raw ion images of the state selected CD3 from the F + CD4

reaction at a collision energy of 0.23 eV. The successive rings on each image correspond
to the labelled vibrational states of the DF co-product. Right: CD3 product state
resolved velocity-angle flux contour maps derived from the images. The intensities of
the contours are not normalised to one another. Adapted from Ref. [86].

time over an interval of a few hundred nanoseconds, while maintaining conventional

2D mapping in the transverse directions. A slice through the 3D product Newton

sphere is then recorded using a gated imaging detector. Typical gate widths used

were ∼ 40 ns. The great advantage of the soft focus used to accelerate the nascent

ions is that the ion trajectories are much less sensitive to the positions at which

they were born. A large volume of products can therefore be ionised and extracted,

with the focus condition of the ion lens very stable to laser alignment. There are,

however, some problems inherent to the technique. The two molecular beams cross

each other on the timescale of at least several microseconds. Within this crossing

period, the products with high LAB speeds can escape the detection region, while

slower moving products tend to accumulate. The ionisation probability of the slow

moving products is therefore higher than for the products with higher velocities and

a density-to-flux transformation is thus required to account for this non-uniform de-

tection sensitivity. The density-to-flux transformation is achieved by multiplication

of the raw image by a sensitivity matrix. It is also necessary to ensure that the

detector gate is sufficiently narrow that slicing of the slowest products occurs. If
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this cannot be achieved (the narrowest gate on a typical intensified CCD camera is

∼ 10 ns), some form of 2D to 3D transformation is required to account for the very

slowest of these products. The corollary of narrowing the gate to obtain a thinner

slice, however, is that fewer events are sampled by the detector and longer collec-

tion times are therefore required. Despite these difficulties, the technique has been

demonstrated for the F + CD4 and CH4 reactions by Liu and co-workers [80, 86, 87],

in which, through vibrational state selective detection of the methyl products, it

was possible to determine information about the coincident DF(HF) co-products in

a state-correlated manner (see Figure 1.7). In addition, the technique has been very

recently used to investigate the Cl + CD4 and CH4 reactions [88]. These experiments

are discussed further in Chapter 6.

1.3.2 Photon-Initiated Reactions

A distinct group of experiments are the quantum state selective techniques broadly

classified as ‘laser based’. Whilst a large number of these methods may be used to

measure scalar quantities, an important class of experiments have been developed

to study the vector relationships involved in reactive systems.

In the 1960s Solomon and co-workers [89, 90] performed experiments which de-

termined that the products of the photodissociation of a molecule with linearly

polarised light were not distributed evenly through space.4 It is possible to exploit

the anisotropy exhibited in molecular photodissociation [91, 92] to determine the dy-

namics of gas phase chemical reactions. If a reaction is initiated with an anisotropic

photodissociation step, the angular and linear momentum vectors of the reaction

products will be correlated to those of the reactants derived from this photolysis; it

is this principle upon which the work within this thesis is based. Simple trigono-

metric relationships exist between the reactant and product velocities which may

be exploited, alongside certain constraints regarding the speeds and masses of the

moieties involved, to relate the LAB frame speed distribution to the CM frame an-

4This is discussed in more detail in Chapter 3.



Introduction 19

gular scattering distribution [93–97]. As will be shown in Chapter 3, in the simple

case of a three-atom reaction, the product LAB velocity vector is directly related

to the CM scattering angle through the law of cosines. This relationship between

the LAB and CM frames led Zare and co-workers to coin the acronym ‘photoloc’

(photo law-of-cosines) to describe this technique [96]. The reaction scheme of such

an experiment may be represented as

AX + hν GGGGA A + X

A + BCD GGGGA AB(v′, j′) + CD (1.4)

where AX is a precursor molecule that is photolysed to produce reactive A moieties

with well known speed and angular distributions. If the AX and BCD molecules are

both entrained in a molecular beam or are held at low pressure in a ‘bulb’, the fast

moving A species undergo reactive collisions with the BCD molecules. The nascent

products are then detected using laser radiation. In order to probe the dynamics

of such reactions, it is therefore necessary to employ detection techniques that are

sensitive to the distribution of product velocities and angular momenta. Product

quantum state selection, together with high detection sensitivity, is usually attained

using either REMPI or laser-induced fluorescence (LIF). It should be emphasised

here that these techniques, unlike the crossed molecular beam methods described in

the previous Section, are fully product quantum state resolved and thus present a

methodology for the measurement of state-to-state dynamical information.

Laser-Induced Fluorescence

The laser-induced fluorescence technique, when applied to the study of the dynamics

of bimolecular reactions, involves Doppler-resolved optical detection of the scattered

products at the collision zone. Products moving towards or away from the propaga-

tion direction of the detection laser experience a blue or red shift in their absorption

spectra. The angle-resolved velocity distributions are therefore ‘encoded’ in the

Doppler contours of the spectral lines. The strategy was pioneered in the late 1970s
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by Kinsey and co-workers [98] to investigate the H + NO2 reaction and provided

the first quantum state resolved product angular distributions for a bimolecular re-

action. LIF studies are normally carried out at low pressures in a bulb, in order to

maximise the intensity of the observed fluorescence.

By making measurements in a number of different experimental geometries (de-

fined by the relative propagation directions and polarisation vectors of the photolysis

and probe laser beams), sufficient information can be obtained to allow the full 3D

scattering distribution to be reconstructed. In general, the contours of the Doppler-

broadened product spectral lineshapes can be influenced by a range of factors, re-

flecting both the dynamical behaviour of the reactive system and the experimental

conditions employed. The latter may include: (i) the velocity spreads in the pre-

cursor and molecular target; (ii) the quantum state population distribution in the

molecular target; and, (iii) any spread in the collision energy distribution associated

with the precursor photolysis step, which may occur, for example, if the precursor

is polyatomic. All of these factors may be taken into account in the analysis of the

experimental data, which involves a basis function fitting routine [94, 97, 99–106].

A wealth of information concerning the dynamics of bimolecular reactions has

been obtained through the use of the photoloc technique coupled with LIF detection

of the nascent products. Comprehensive reviews of the reaction systems investigated

may be found, for example, in Refs. [99, 102, 106, 107].

REMPI Time-of-Flight

A very similar, though complementary, detection method to LIF is the REMPI-TOF

technique. The reactant and photolysis precursor are normally entrained in a single

molecular beam and reaction initiated by photodissociation of the precursor. Fol-

lowing quantum state selective ionisation of the products via REMPI, the ions are

detected using a Wiley–McLaren time-of-flight mass spectrometer [108] and the ion

time-of-arrival profile at the detector recorded. Analogously to the Doppler broad-

ened product LIF spectral lineshapes, the ion time-of-arrival profiles are sensitive
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Figure 1.8: A schematic of the REMPI-TOF core-extraction apparatus of Zare and
co-workers showing the extraction, acceleration and free-drift regions of the instru-
ment. Adapted from Ref. [112].

to the velocity distribution of the reaction product. By recording time-of-arrival

profiles for different geometries of the laser propagation directions and polarisation

vectors, the full 3D scattering distribution may be reconstructed [109].

A major advance in the resolution of the REMPI-TOF technique was made

by Zare and co-workers and named core extraction [110, 111]. A schematic of the

apparatus is shown in Figure 1.8. In this method, a mask is placed in front of the

detector to allow only ions with no speed component perpendicular to the TOF

axis to impinge upon the detector. This technique thus converts a 1D projection of

the product 3D velocity distribution into the 3D projection of the product velocity

distribution in which both perpendicular velocities are zero. Note that similarly

to the time-sliced ion velocity imaging of Liu and co-workers [80], products that

are backward scattered or that are slow moving are more efficiently detected. In

order to account for this inhomogeneous detection sensitivity and for an instrument

resolution function, the ion time-of-arrival profiles are analysed using a basis function

fitting routine.

The REMPI-TOF core-extraction apparatus was initially demonstrated by in-
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vestigation of state-to-state

Cl + CH4(ν3 = 1) GGGGA HCl(v′, j′) + CH3 (1.5)

Cl + CHD3(ν1 = 1) GGGGA HCl(v′, j′) + CD3 (1.6)

reactions [111]. The technique has since been used to investigate a wide variety

of reactions including an extensive study of the H + D2 reaction at a wide range

of collision energies [112–121]. In conjunction with theoretical calculations, this

impressive series of experiments was able to show possible scattering resonances

associated with a quasi-bound collision complex [114].

1.4 Outline of the Thesis

The work in this thesis is concerned with the application of the velocity-map ion

imaging technique to the study of photon-initiated bimolecular reactions in a single

molecular beam. A detailed description of the apparatus that was constructed and

developed in order to perform these experiments is given in Chapter 2, together

with the methods with which it was characterised. The various analysis method-

ologies used to extract dynamical information from the velocity-map ion images are

addressed in Chapter 3. Detailed accounts of the hydrogen atom abstraction reac-

tions of atomic chlorine with C2H6 and n-C4H10 at collision energies of 0.24 eV and

0.32 eV are given in Chapters 4 and 5, while in Chapter 6 the issue of vibrational

enhancement of the reaction cross-section in the Cl + CH4 reaction is addressed

through an in-depth investigation into the H and D atom abstraction reactions be-

tween chlorine atoms and CH4, CH3D and CD4 at collision energies around 0.3 eV.



Chapter 2

Experimental Technique

2.1 Introduction

This Chapter is concerned with the work carried out to construct, develop and char-

acterise a new and flexible velocity-map [67] ion imaging [57, 59] apparatus designed

for studying the dynamics of both photodissociation processes and photon-initiated

bimolecular reactions. A brief overview of the velocity-map ion imaging technique is

given in the following Section, in order to put the subsequent Sections, which detail

the various parts of the apparatus, into context. Experiments performed during a

short visit to Crete to use the velocity-map ion imaging apparatus of Professor T.N.

Kitsopoulos at the Institute for Electronic Structure and Laser are described in the

final Section.

2.2 Overview of the Technique

A schematic diagram of the experiment is shown in Figure 2.1. A skimmed super-

sonic molecular beam containing the gas(es) under study and usually a carrier gas

(e.g. helium) is intersected perpendicularly by two pulsed, counter-propagating laser

beams mid-way between the repeller and extractor plates of the velocity mapping

ion lens. In a typical photodissociation study, the first laser pulse (from the ‘pho-

tolysis’ laser) serves to photolyse the gas under study. After a short time delay of

23
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Figure 2.1: A schematic diagram of the velocity-map ion imaging experiment.

around 10–20 ns, the photofragment products are ionised quantum state-selectively

via REMPI by a second laser pulse (from the ‘probe’ laser). In a typical photon-

initiated bimolecular process, a slightly longer time delay between photodissociation

of the precursor gas by the photolysis laser pulse and ionisation of the reaction prod-

ucts by the probe laser pulse is required. The delay is chosen to be long enough

to allow sufficient product density to build up prior to the detection step, but also

sufficiently short to ensure that the product distribution is nascent at the instant

of detection and that no post-reactive collisions have occurred (i.e., under single

collision conditions). The delay must also be short enough to ensure that prod-

ucts formed with the highest velocities do not escape the probe laser interaction

region before they can be ionised (i.e., fly-out is avoided). Note that removal of an
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electron does not significantly alter the velocity of the molecules in the expanding

product sphere and that the velocities of the detected ions therefore reflect those of

the nascent molecules [122]. The repeller and extractor plates are held at potentials

VR and VE, respectively, so that an electric field is maintained between them; this

electric field accelerates the newly formed ions along the time-of-flight tube towards

a position sensitive detector. By tuning the ratio of the voltages VR and VE, the

lens can be made to guide simultaneously all ions with the same mass and velocity

to the same point on the detector, irrespective of the initial distance of the ion from

the axis of the ion lens (i.e., the voltages can be tuned to effect velocity mapping).

Once this ratio has been found, the size of the image may be changed by varying

VE and VR whilst keeping the ratio VE/VR constant. The radial position at which

an ion strikes the detector is proportional to its velocity at the point of ionisation.

Calibration of the system using ions of known velocity permits determination of the

proportionality constant. As the product ions travel through the ion lens, the accel-

eration along the time-of-flight axis flattens the 3D distribution of ions, so that a 2D

‘pancake’ of ions travels along the flight tube and strikes the detector. It should be

noted that this ‘pancaking’ occurs for all ions, independent of mass. The resulting

flight times for ions of a given mass thus have a very low spread, with ∆t/t . 1%.

Good separation between the flight times of ions of different masses is therefore

obtained, and the ions of interest can easily be detected separately from other ions

by gating the detector (either the micro-channel plates (MCPs) or the camera) to

the appropriate time-of-flight.

2.3 The Apparatus

2.3.1 The Vacuum System

In order to improve the efficiency of the pumping, the arrangement of the vacuum

chambers and pumps was changed significantly over time. The two principal con-

figurations that were used are outlined below. Arrangement 1 was used mainly for
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photodissociation studies, while the principal use of the apparatus in arrangement

2 was for the investigation of photon-initiated reactions.

Arrangement 1

A schematic of the apparatus in arrangement 1 is shown in Figure 2.2. This config-

uration consisted of a molecular beam source chamber separated by a skimmer from

a differentially pumped scattering and detection chamber. The molecular beam

source chamber was pumped by a 3700 l/s oil diffusion pump (Varian VHS-250)

fitted with a liquid nitrogen-cooled baffle and backed by a mechanical pump (Ed-

wards 40). Pumping of the scattering and detection chamber was achieved using

a 700 l/s oil diffusion pump (Edwards Diffstak 160) fitted with a liquid nitrogen-

cooled baffle and backed by a mechanical pump (Leybold Trivac D40V); the flight

tube region of this chamber was additionally pumped by a 60 l/s turbo-molecular

pump (Pfeiffer Vacuum TMU 071P). A gate valve allowed the flight tube and detec-

tor region to be isolated so that a vacuum could be maintained when the source and

scattering chambers were not being pumped. The liquid nitrogen-cooled baffles pre-

vented back-streaming of the silicone oil (Testbourne Silicone 4) from the diffusion

pumps and also provided cryogenic pumping. A toroidal liquid nitrogen trap in the

scattering region provided additional cryogenic pumping. The pressures in the two

chambers were monitored using hot cathode ion gauges (Duniway gauge heads with

an MKS Instruments SensaVac Series 919 hot cathode controller); in addition, a

baratron capacitance manometer (MKS Instruments) was used to indicate pressures

from 1–760 Torr in the scattering chamber during initial pumping down, while two

Pirani gauges (Edwards Pirani 11) were used to monitor the fore-line pressures of the

diffusion pumps. Typical base pressures in the two chambers were ∼ 1×10−7 Torr.

The gas(es) under study and a carrier gas were premixed in a stainless steel

tank at typical stagnation pressures of 1.0–2.0 bar, prior to being introduced into

the expansion chamber via a pulsed solenoid nozzle (General Valve, Series 9) with

a 500 µm diameter orifice. Alternative nozzle faceplates with 150 µm and 1 mm
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Figure 2.2: A schematic of the experimental apparatus in arrangement 1.
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diameter orifices allowed the gas throughput of the molecular beam formed by this

expansion to be decreased or increased, as required. A second pulsed solenoid nozzle

(General Valve, Series 9) with an 800 µm diameter orifice was also used extensively.

With the nozzle operating at 10–12 Hz, typical pressures in the source and scat-

tering chambers were 1×10−5 Torr and 1×10−6 Torr respectively. The supersonic

molecular beam was collimated using either a 0.98 mm or a 2.0 mm diameter nickel

skimmer (Beam Dynamics Model 2) located approximately 50 mm downstream from

the nozzle, prior to entering the scattering chamber. The ion optics were mounted on

the base of the scattering chamber. A ‘top hat’ around the plate on which the skim-

mer was mounted separated the scattering and molecular beam source chambers.

Four 10 mm thick fused silica windows were mounted on the end of short sidearms

on the scattering chamber, providing ∼ 98% transmission of the laser beams at the

wavelengths used.

Arrangement 2

A schematic of the apparatus in arrangement 2 is shown in Figure 2.3. The main

modifications relative to arrangement 1 were as follows: (i) the chamber with the

right-angle bend to diffusion pump B was removed to bring the pump closer to the

nozzle; (ii) the hole in the flange on the base of the scattering chamber was widened

to improve the pumping efficiency around the molecular beam source; (iii) a set of

conductively cooled baffles were added to the toroidal liquid nitrogen trap in the

scattering chamber to prevent back-streaming of diffusion pump B; and, (iv) the

ion optics were suspended from a flange on the top of the scattering chamber. Note

that in this configuration the two chambers were no longer differentially pumped.

A skimmer is not shown in Figure 2.3, however the ion optics mount was designed

such that one could have easily been accommodated if desired. Base pressures in the

two chambers were typically ∼ 1×10−7 Torr, with the pressure rising to 2×10−6 Torr

under normal operating conditions (the nozzle opening at 10 Hz with a 1 bar stag-

nation pressure).
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Figure 2.3: A schematic of the experimental apparatus in arrangement 2.

2.3.2 The Lasers

Photolysis Laser

Photodissociation of either the gas under study or the precursor gas for a reaction

was achieved using the beam output from a rare-gas halide excimer laser (Lambda

Physik EMG 103 MSC) with a nominal pulse duration of 25 ns and typical pulse

energies of 180 mJ. The beam was narrowed using an iris and collimated using

a 2 m lens before passing through a quartz Rochon polariser. This produced two
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divergent beams of opposite linear polarisation, one of which continued to travel in

the direction of the incident beam and one of which was deviated. A second iris

was used to block the deviated beam. Rotation of the polariser through 90◦ about

the axis of the laser beam allowed either linear polarisation to be selected. Pulse

energies measured at the entrance window were typically 5–10 mJ. If required, the

photolysis laser beam was focussed into the interaction region using a 30 cm focal

length fused silica lens.

Probe Lasers

REMPI of the products of photodissociation or reaction was effected using the lin-

early polarised output of a tunable dye laser (Lambda Physik LPD 3002) pumped

with the 308 nm output of a XeCl excimer laser. The pump laser was either a

Lambda Physik LPX 110i excimer laser or a Lambda Physik LPX 200 excimer

laser, giving pulse energies of around 200 mJ and 400 mJ respectively. The dyes

used were solutions of Coumarin 2 (Lambda Physik LC 4500, Exciton, Radiant) in

methanol, Coumarin 102 (Lambda Physik LC 4800, Exciton, Radiant) in methanol,

and p-terphenyl (Aldrich) in dioxane, which provided tunable output in the ranges

432–475 nm, 460–510 nm and 332–360 nm respectively. When using the Coumarin

dye solutions, the output of the dye laser was frequency doubled using a BBO I

crystal. The frequency doubled light was separated from the fundamental using a

set of Pellin–Broca prisms. Typical pulse energies of the frequency doubled light

using both Coumarin 2 and Coumarin 102 were around 2 mJ at wavelengths of

225 nm and 240 nm, respectively; the pulse energy of the fundamental at 333 nm

using p-terphenyl was around 6 mJ. Owing to their low photostability, very frequent

(almost daily) replacement of the Coumarin dye solutions was required. During im-

age acquisition, the probe laser wavelength was scanned repeatedly over the Doppler

linewidth of the chosen REMPI transition to ensure detection of all products.
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2.3.3 The Ion Optics

Different ion optics assemblies were used in the two arrangements of the vacuum

chambers; these are described separately below. Both designs closely resemble that

of Eppink and Parker [67].

Ion Optics Assembly 1

Ion optics assembly 1 was mounted on the base flange of the scattering chamber in

vacuum chamber arrangement 1. It consisted of three circular stainless steel field

plates 1 mm thick and 130 mm in diameter. The plates were mounted on three posts,

with the centres of the plates arranged collinearly. The repeller plate (the lowest

plate) had a 2 mm hole in the centre through which the molecular beam passed,

and was held at potential VR. This could be replaced by an alternative repeller

plate with a 4 mm hole in the centre (see Section 2.7.2). The remaining two plates

had 20 mm holes in the centre through which the expanding cloud of product ions

were extracted, with the upper plate additionally having a 120 mm tube attached

on the top. The extractor plate (the middle plate), was maintained at potential VE,

while the upper plate was held at ground potential. The field plates were insulated

from the mounting posts and one another by 15 mm long MACOR spacers. In the

present system, the optimum ratio of potentials VE/VR was found to be ∼ 0.71 (see

Section 2.7.1). The maximum voltage that could be applied to either the repeller

or the extractor plate was 5 kV.

Ion Optics Assembly 2

This ion optics assembly was designed to be mounted on the top flange of the

scattering chamber in vacuum chamber arrangement 2, in order to allow the diffusion

pump to be attached below (see Figure 2.3). Owing to the stringent space constraints

imposed by mounting the ion lens in this manner, field plates 93 mm in diameter

were used. Four mounting posts were used instead of three to aid structural integrity.

These additionally served to simplify alignment of the plates in the ion lens with
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the skimmer and nozzle, which were also mounted on the posts. The facility to add

an additional plate and thus create an ion lens assembly suitable for direct current

slice imaging [84] was also provided. Due to the smaller size of the plates in this ion

lens, care was taken to avoid leakage of the electric field. Interference from the wires

supplying the potentials was minimised by using high vacuum electrically shielded

coaxial wires (Caburn-MDC Kapton R© KAP5) and by routing the wires around the

mounting posts.

2.3.4 The Detection Assembly

Owing to a breakdown of electrical insulation in the original detector, which caused

catastrophic damage, two imaging detection assemblies have been used with the

apparatus described in the previous Sections. The underlying design of both detec-

tors (Photonic Science; DelMar Ventures) was very similar, and an overview of the

operation of a general imaging detector is thus given here.

An imaging detector consists of a pair of resistance-matched MCPs arranged in

a ChevronTM (Burle Technologies Inc.) configuration. Each MCP in the detector

is a flat glass disc ∼ 500 µm thick, containing millions of small pores 8–10 µm in

diameter at an angle of 12◦ with respect to the surface. Upon impact of a charged

particle on the front of the pair of MCPs, electrons are ejected from the walls of

nearby channels. A potential difference maintained between the front and back

faces of the MCPs forms an electric field along the channels through which these

electrons are accelerated. Further collisions of the electrons with the walls of the

channel produces a cascade of electrons, which is then emitted from the rear of the

MCPs. The strength of the electric field along the channel governs the energy of

the electrons incident upon the walls of the channels and therefore the number of

electrons emitted by each impact. The gain is thus easily controlled by varying the

potential maintained between the faces of the MCPs. For each ion striking the front

of the pair of MCPs, a burst of ∼ 106 electrons is typically emitted from the same

location on the back face. The bursts of electrons are accelerated towards a P-47
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phosphor screen by a further electric field formed by a potential difference between

the back face of the MCPs and the screen, where the incident electrons excite the

phosphor to produce a flash of light.

In the present experiments, the light flashes resulting from each set of ions (pro-

duced on each probe laser shot) were captured using a gateable intensified charge-

coupled device (CCD) camera (Photonic Science, 576× 768 pixels, 50 ns minimum

gate width). The images were then transferred to a PC equipped with a frame

grabber card (Euresys Picolo Pro 2) where they were summed and processed in real

time. This real time processing comprised thresholding and ion counting [123], and

was undertaken using a home-written program.

Thresholding

The pixel intensity seen on the camera arising from an ion impacting on the detec-

tor was usually much higher than any low-level background noise resulting from the

camera intensifier or imperfect shielding of the camera from ambient light. Back-

ground noise was thus removed from the images by applying an equal threshold

to each pixel in the image. Any pixel intensity which was lower than the chosen

discrimination level was rejected as noise. For images collected with the system de-

scribed above, where the maximum greyscale depth (i.e., the value assigned to the

‘brightest’ pixel) was 255, the best results were obtained using a threshold of 10.

Ion Counting

The ion counting technique was developed in 1998 by Houston and co-workers [123],

and was found to significantly improve both the spatial resolution and the detection

sensitivity of 2D ion imaging detectors.

Each ion striking the detector typically results in intensity seen over several pixels

on the camera. Within the ion counting scheme, only the brightest pixel in each of

these spots was counted towards the final accumulated image. The algorithm used

to determine the location of the bright spots compared all pixel intensities with the
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four nearest neighbours. Pixels with intensity p(x, y) were accepted subject to the

following criteria:

p(x− 1, y) < p(x, y) ≥ p(x + 1, y),

p(x, y − 1) < p(x, y) ≥ p(x, y + 1). (2.1)

On satisfying all of the above relationships, the corresponding pixel in the final ac-

cumulated image was incremented by one (i.e., an ion signal was counted at that

location). Each data value at point (x, y) in the final accumulated image thus

represented the total number of ions that had struck that pixel over the entire ex-

periment. Problems with the ion counting method can occur when a large number

of ions are recorded with a relatively small spatial distribution, a condition called

spatial congestion. In severe cases, the intensity distributions of neighbouring ions

are combined and maxima can no longer be reliably located because the pixel in-

tensities surrounding an ion spot may not decrease regularly in intensity. In such

cases the ion counting method may miss entire clusters of detected ions. The effects

of spatial congestion may be limited by attenuation of the probe laser power or the

molecular beam intensity until all ions are seen to be counted. It should also be

noted that the ion counting technique tends to result in ‘grainy’ images. As will be

seen in Section 3.2.1, this can cause problems when using the Abel-inversion method

to recover the full 3D scattering distribution from the 2D projection provided by

the imaging experiments.

2.4 Ion Time-of-Flight Spectra

Measurement of the total current flow due to electrons emitted from the MCPs

striking the phosphor screen allowed the ion arrival time-of-flight spectrum to be

monitored. The current was amplified and converted to a voltage, and the resulting

time-of-flight spectrum viewed together with the camera gate in real time on a two-

channel digital oscilloscope (Tektronix TDS 220). The full-width-at-half-maximum
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Figure 2.4: A typical time-of-flight spectrum for the products of photodissociation
and multi-photon dissociative ionisation of CH3S2CH3 at 193 nm [124], obtained by
measuring the current flow due to electrons travelling from the MCPs to the phosphor
screen.

(FWHM) of a peak was typically ∼ 120 ns. A typical time-of-flight spectrum ob-

tained for the products of photodissociation and multi-photon dissociative ionisation

of dimethyl disulphide (CH3S2CH3) at 193 nm [124], which was recorded in this way,

is shown in Figure 2.4. In these experiments, a mixture of ∼ 1% of dimethyl disul-

phide in helium was entrained in a skimmed molecular beam and photolysed using

the 193 nm output of an ArF excimer laser (Lambda Physik EMG 103 MSC). The

laser was linearly polarised in the plane of the detector using a Rochon polariser

and focussed into the interaction region using a 30 cm focal length fused silica lens.

Products of single-photon dissociation were detected via multi-photon ionisation;

ionic products of two-photon dissociative ionisation were also detected [124].
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Figure 2.5: (2+1) REMPI spectrum of the O(3PJ) products of NO2 photodissoci-
ation at 308 nm.

2.5 REMPI Spectra

The total ion signal for a given mass peak in the time-of-flight spectrum could be

measured using a gated boxcar integrator (Stanford Research Systems SRS250). By

scanning the probe laser wavelength, it was possible to record the structure of the

nascent product REMPI spectrum. Data were transferred to a PC for signal averag-

ing (typically 20–40 shots per wavelength step) and storage. An example spectrum

obtained in this way is shown for the O(3PJ) products of photodissociation of NO2

at 308 nm in Figure 2.5. The O(3PJ) atoms were detected via the 3p 3P ← 3PJ

(2+1) REMPI transitions at around 226 nm [125].

2.6 Molecular Beam Temperature

The rotational temperature of the molecular beam was determined by measuring

the REMPI spectrum of NO molecules in the beam. These experiments were car-
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Figure 2.6: (1+1) REMPI spectrum of the NO(v = 0) molecules rovibrationally
cooled in the molecular beam: (a) experimental spectrum, (b) simulated spectrum
using a rotational temperature of 50 K [126]. Structure is seen for the (0,0)P2,
(0,0)P12, (0,0)Q2, (0,0)Q12, (0,0)R2 and (0,0)R12 rovibrational branches in both
spectra.

ried out with the vacuum chambers in arrangement 2 (see Section 2.3.1); the nozzle

and detection areas of the vacuum system were therefore not differentially pumped.

The molecular beam was formed by expansion of a mixture of < 1% NO in ar-

gon through a nozzle with a 800 µm diameter orifice. A skimmer was not used,

however collimation of the free-jet expansion was achieved using the hole in the

repeller plate. Ground vibrational state NO molecules were probed state selectively

via (1+1) REMPI on the (0,0)P2, (0,0)P12, (0,0)Q2, (0,0)Q12, (0,0)R2 and (0,0)R12

rovibrational branches of the A 2Σ+ ← X 2Π1/2 electronic band at wavelengths be-

tween 226.5 and 227 nm [126]. Care was taken to avoid saturation of the resonant

transitions. The resulting REMPI spectrum is shown in the upper panel of Fig-

ure 2.6. Also shown is a simulation of the experimental spectrum calculated using

LIFBASE [126]. The best fit to the data was achieved when the rotational tem-

perature was fixed to be 50 K. The rotational temperature of the molecular beam
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with the vacuum chambers in arrangement 2 is thus believed to be ∼ 50 K. Several

factors may have contributed to the relatively poor rotational cooling observed in

the molecular beam. The main reason is believed to be that the distance between

the nozzle orifice and the interaction region was insufficient for collisional cooling to

be maximally effected. In addition, since the expansion was not skimmed, some of

the molecules that were released early in the gas pulse and did not pass through the

repeller plate may have been scattered into the molecular beam, thereby impeding

the efficiency of the cooling in the most intense portions of the molecular beam.

2.7 Image Properties

Various factors that affect the quality of the velocity-map ion images obtained

from the apparatus have been investigated and are detailed in this Section. Brief

overviews of the experimental procedures employed in the photodissociation pro-

cesses used in these investigations are given below.

Cl2 photolysis

The experiments which employed Cl2 photolysis were conducted using a beam of

5% Cl2 in helium. Photolysis was effected at 308 nm using the focussed output of a

XeCl excimer laser. Ground state Cl(2P3/2) atoms were detected on the 4p 4P3/2 ←
2P3/2 (2+1) REMPI transition at 240.46 nm [125]. The photolysis laser was linearly

polarised in the plane of the detector using a Rochon polariser. Images were recorded

with the electric vector of the photolysis laser in the plane of the detector, while

the probe laser was polarised perpendicularly to the detector. From conservation

of energy, the Cl(2P3/2) atoms are found to be travelling at the single speed of

2067 ms−1 following photolysis.1

1Calculated using D0
0(

35Cl2) = 2.475 eV [127, 128].
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O2 photolysis

The experiments employing O2 photodissociation were carried out using a molecular

beam comprising ∼ 10% O2 in helium. This was intersected by a single laser, used

both to photolyse O2 and to ionise the O(3P2) products on the 3p 3P ← 3P2 (2+1)

REMPI transition at 225.66 nm [125]. At this wavelength and with the pulse ener-

gies used, photodissociation of O2 occurs by one-photon excitation into the Herzberg

continuum and by two-photon excitation into the Schumann–Runge continuum (see,

for example, Ref. [129] and references given therein), yielding two observable disso-

ciation pathways:

O2 + hν GGGGA O(3P2) + O(3PJ) (2.2)

O2 + 2hν GGGGA O(3P2) + O(1D2). (2.3)

By conservation of energy, the O(3P2) products of pathways 2.2 and 2.3 are found

to be travelling at the single speeds of 1583 ms−1 and 4875 ms−1, respectively.2

2.7.1 Calibration of the Ion Optics

Focussing of the Ion Lens

As was mentioned in Section 2.1, the focus of the ion lens was adjusted by varying

the potentials at which the repeller and extractor plates were maintained.3 The

optimum ratio of the repeller and extractor voltages was determined visually by

fixing the potential on the repeller plate, VR, and varying the potential on the

extractor plate, VE, until sharp images were obtained. A set of images collected

at different values of VE with a fixed value of VR are shown in Figure 2.7 for the

Cl(2P3/2) products of Cl2 photodissociation at 308 nm. The effects of over- and

under-focussing were easily recognised as a blurring of the images along the laser

2Calculated using D0
0(

16O2) = 5.080 eV [127].
3Note that the term ‘focus’ used here should be understood as a mapping of all charged particles

that have the same initial velocity vector onto the same point in the focal plane, thus compensating
for their initial position of creation.
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Figure 2.7: Raw ion images of the Cl(2P3/2) atom products of photodissociation of
Cl2 at 308 nm. Images were acquired with the voltage on the repeller plate of the ion
optics, VR, held at 2.00 kV, with the various voltages applied to the extractor plate,
VE, shown. Optimum focus of the ion lens is seen with VE = 1.42 kV, corresponding
to VE/VR = 0.71. Images were accumulated over 5000 laser shots.
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propagation direction (vertically in the images shown). The ion lens was seen to be

optimally focussed when VE/VR = 0.71.

Pixel-to-Velocity Conversion Factor

The velocity of an ion of mass m and charge q accelerated by potential V along the

time-of-flight axis is given by

vTOF =

√
2qV

m
. (2.4)

The time-of-flight, t, is thus given by

t = d

√
m

2qV
, (2.5)

where d is the length of the flight tube. The radial distance on the detector, rp,

travelled by the ion with initial radial speed, vp, during its time-of-flight, is therefore

given by

rp = Nvpd

√
m

2qV
, (2.6)

where N is a magnification factor introduced by the ion lens [67]. For a given

accelerating potential, the radial distances travelled by all ions with the same mass

and charge are thus directly proportional to their initial speeds. The factor required

to convert between distance and speed, vp/rp, can be determined experimentally for

a particular value of VR,4 by detecting ions of known mass and velocity. Once the

conversion factor has been determined for an ion of known mass at a given value

of VR, the factor required for other masses may be evaluated using the relation

rp ∝ vp

√
(m/q).

In the current experiments, the calibration factor required to convert the ra-

dial coordinate of the images into product velocity was determined as a function of

repeller voltage using the atomic and diatomic products of photodissociation of di-

atomic and triatomic molecules, respectively, for which the photofragment velocities

may be calculated exactly by conservation of energy. An example image obtained

4Note that by fixing the ratio VR/VE, the accelerating potential V is proportional to VR.
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Figure 2.8: Symmetrised raw ion image of the O(3P2) atom products of photodis-
sociation of O2 at 225.66 nm.

in order to determine this calibration factor at VR = 4.00 kV is shown in Figure 2.8

for the O(3P2) products of O2 photodissociation at 225.66 nm. The inner and outer

rings correspond to the O(3P2) products of photolysis pathways 2.2 and 2.3, re-

spectively. The pixel-to-velocity conversion factor was determined by inverse Abel

transformation of the images, with the maxima in the radial coordinate of the re-

sulting ‘slice’ through the 3D scattering distributions corresponding to the known

velocities of the photofragments. Integration of the inverse Abel transform of the

image shown in Figure 2.8 over angle returned the O atom speed distribution, P (vO),

shown in Figure 2.9.

2.7.2 Skimmer and Repeller Plate Hole Sizes

The size of the molecular beam could be changed by using nozzle faceplates with

different diameter orifices. For molecular beams created by expansion of the gas

mixture from the nozzle using the faceplate with a 500 µm diameter orifice and

collimated using the 1 mm skimmer, a repeller plate with a 2 mm hole in the centre

was used. A larger collimated molecular beam was formed using a nozzle faceplate

with a 1 mm diameter orifice and a 2 mm skimmer. A repeller plate with a 4 mm

hole in the centre was required to allow this larger molecular beam to pass through
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Figure 2.9: Speed distribution of the O(3P2) atoms—obtained from an inverse Abel
transformation of the image shown in Figure 2.8—used to calibrate the radial axis of
the images.

unimpeded. The sensitivity of the focus of the ion lens to the ratio of the potentials

at which the repeller and extractor voltages were maintained was greatly increased

when using the repeller plate with the larger hole (acceptable errors were reduced to

∼ 0.2% when using the plate with the 4 mm hole, compared to ∼ 1% when using the

plate with the 2 mm hole). Once the correct ratio had been determined, however,

the speed resolution of the apparatus was seen to be only very slightly decreased by

use of the larger molecular beam and repeller plate hole sizes, with ∆v/v found to

deteriorate from 3.9% to just 4.2%. Cl atom speed distributions, P (vCl), determined

by integration of the inverse Abel transforms of the images of the Cl atom products

of 308 nm photodissociation of Cl2 over angle, are shown in Figure 2.10 for the two

different sized molecular beams.
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Figure 2.10: Speed distributions of the Cl(2P3/2) atom products of Cl2 in molecular
beams formed using a 1 mm skimmer with a 2 mm hole in the repeller plate (—) and
using a 2 mm skimmer with a 4mm hole in the repeller plate (- - -). ∆v/v was found
to be 3.9% in the former configuration and 4.2% in the latter.

2.8 A Capillary

In an attempt to maximise the number density of reaction precursor and reactant

molecules in the interaction region, a ∼ 1 mm internal diameter ceramic capillary

was mounted on a plate attached to the front of the nozzle. A nozzle faceplate with a

800 µm diameter orifice was used. The nozzle orifice was chosen to be similar to the

internal diameter of the capillary in an effort to effect a small degree of cooling in the

expansion of the gas pulses at the end of the capillary. A similar arrangement has

been used by Orr-Ewing and co-workers in their studies on the reactions of chlorine

atoms with small organic molecules [130]. In these experiments, the Cl2 precursor

and organic reagent were expanded in parallel from different nozzles through Teflon

tubing of a slightly narrower internal diameter than the nozzle orifice diameters to

give a cooled molecular beam with a temperature of ∼ 60 K [130]. In the current
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experiments, the nozzle-capillary setup was arranged so that the end of the capillary

protruded through the repeller plate to around 3 mm below the interaction region.

Unfortunately, although electrical insulation was maintained under normal operating

conditions without the lasers firing, on allowing either the photolysis or probe laser

beams into the chamber, the production of ions caused a breakdown of the electrical

insulation and arcing to occur between the repeller plate and the nozzle via the gas

pulse in the capillary. Several attempts were made to eliminate this arcing by using

shorter gas pulse durations and increasing the distance between the opening of the

capillary and the repeller plate. None were successful, however, and the use of a

capillary was therefore abandoned. It should be noted that these experiments on the

use of a capillary were carried out prior to modifications made to allow the nozzle

to be electrically floated at the same potential as the repeller plate (see Section

2.9.1); in light of these improvements, reinvestigation of the use of a capillary may

be worthwhile in any further studies.

2.9 The Cl + CH4 Reaction

Experiments on the Cl + CH4, Cl + CD4 and Cl + CH3D reactions were carried out

with the vacuum system in arrangement 2 (see Section 2.3.1) and using ion optics

assembly 2 (see Section 2.3.3). The DelMar Ventures imaging detection assembly

was used in these experiments. Further details on the experimental procedures

employed are given below.

2.9.1 Experimental Details

In order to yield high reactant number density in the interaction region, the appara-

tus was arranged such that the pulsed solenoid nozzle was mounted directly behind

the repeller plate of the velocity mapping ion optics assembly. This arrangement

was originally proposed by Kitsopoulos and co-workers for a study on the Cl + C2H6

reaction [131]. In this arrangement both the nozzle and the nozzle mounting plate
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were required to be electrically floated at the same potential as the repeller plate,

so as to avoid electrical discharge during the gas pulse.

A 1:4:5 mixture of Cl2 (Aldrich, 99.5%), CH4 (BOC, 99.99%) (CD4 [Isotec Inc.,

99%] or CH3D [Isotec Inc., 98%]), and helium buffer gas was premixed in a stainless

steel tank at a total stagnation pressure of 1.0 bar, prior to expansion through a

800 µm diameter orifice in the pulsed nozzle. High levels of unwanted side-reactions

of the Cl2 and methane gas mixtures in the gas manifold were seen to deplete the

concentrations of reactant and photolysis precursor in the gas mixtures to unwork-

able levels very rapidly (typically over a period of ∼ 10 min). The HCl and DCl

products of these reactions were also found to react with, and thus hinder operation

of, the internal components of the pulsed nozzle. The side-reactions were believed

to be surface-catalysed and accordingly, several attempts were made to reduce their

rate, including the coating of the inside of the gas manifold with halocarbon wax

(Halocarbon Products Corp. Series 1500), and separately, with a PTFE spray (RS

Components Ltd.). The latter was found to extend the lifetime of the gas mixtures

significantly. The free-jet expansion was intersected perpendicularly mid-way be-

tween the repeller and extractor plates of the ion lens by two counter-propagating

linearly polarised laser beams. The Cl2 precursor was photolysed by focussed 308 nm

radiation polarised in the plane of the detector, to form two fast-moving Cl(2P3/2)

atoms.

The methyl radical products were detected via (2+1) REMPI through the 00
0

band of the 3pz
2A′′

2 ← X̃ 2A′′
2 Rydberg transition [132–136] using laser radiation

polarised parallel to the time-of-flight axis at wavelengths around 333 nm. Both the

photolysis and probe laser beams were focussed into the interaction region using

30 cm focal length fused silica lenses. A short delay of between 25 and 50 ns was

maintained between the laser pulses to allow a sufficient number of reactive collisions

to occur, while avoiding complications due to fly-out of either the Cl atom reactants

or the methyl radical products from the probe laser interaction region. Images were

summed over around 60,000 laser shots.
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Chlorine atoms with sufficient energy to participate in the Cl + CH4 reaction

were also formed by photodissociation of Cl2 at the wavelength of the probe laser,

and the observed signal thus also contained a contribution from the methyl prod-

ucts of these reactions. By triggering the photolysis laser at half the frequency of

the probe laser and summing the resulting probe-only and photolysis-probe images

into separate buffers, the desired photolysis-probe image was recovered reliably by

subtraction of the probe-only image from the photolysis-probe image. Errors in the

subtraction introduced by experimental drift were minimised by the simultaneous

acquisition of the two images in this way.

2.9.2 The Cl Atom Reactant

The photodissociation of Cl2 using linearly polarised light at 308 nm has been reason-

ably well characterised [137–141]. At this wavelength more than 99% of the chlorine

atoms are produced in their ground electronic state, Cl(2P3/2), with a translational

anisotropy, β0, of −1.0 ± 0.1 [138, 141]. As was noted in Section 2.7, conserva-

tion of energy dictates that the Cl(2P3/2) atoms are travelling at the single speed

of 2067 ms−1 following photolysis. Assuming that the relative motion between the

molecular chlorine precursor and methane is small, owing to efficient translational

cooling in the jet expansion, the photolysis defines the relative motion of the chlorine

atom and the methane molecule and thus the collision energy.

Images were obtained for the Cl(2P3/2) atoms formed in the photolysis step un-

der very similar conditions to those described previously for the Cl + CH4 (CD4

or CH3D) reactions. The probe laser beam was used both to photolyse Cl2 and

then to detect the Cl(2P3/2) atom products via the 4d 4D1/2 ← 2P3/2 (3+1) REMPI

transition at 339.86 nm [125]. A typical image is shown in Figure 2.11. The known

velocity of the Cl atoms produced at this wavelength (1798 ms−1) provided a check

for the velocity scaling of the images. Integration of the inverse Abel transform of

this image over angle returned the Cl atom speed distribution, P (vCl), shown in

Figure 2.12. The speed distribution of the Cl atoms provides information about the
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Figure 2.11: Symmetrised raw ion image of the Cl(2P3/2) atom products of pho-
todissociation of molecular chlorine at 339.86 nm.
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Figure 2.12: Speed distribution of the Cl(2P3/2) atoms obtained from an inverse
Abel transform of the image in Figure 2.11.
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velocity resolution of the experiment, and also about the likely spread in collision

energies; this aspect of the experiments and its relevance to the analysis procedures

used is described more fully in Chapter 6. The Cl atom speed distribution is com-

pared to that obtained for the Cl + C2H6 and Cl + n-C4H10 reactions in Section

2.10.2.

2.9.3 Molecular Beam Number Density and Signal Levels

The number of molecules, N , contained in each gas pulse of the free-jet expansion

was estimated to be ∼ 8 × 1015 by measuring the drop in stagnation pressure behind

the nozzle as a function of time and assuming ideal behaviour of the gas mixture.

If the nozzle is assumed to emit a constant flow of gas per pulse, then the density

at any point will be independent of time during the pulse. The number density in a

free-jet expansion or molecular beam is known to fall as 1/r2, where r is the distance

from the nozzle orifice [32]. Thus, if the angular dependence of the free-jet expansion

is well approximated by a cos2 θ distribution, where θ is the angle of deviation from

the propagation direction of the molecular beam, then the number density at any

point, ρ(r, θ), is given by

ρ(r, θ) = ρ0
cos2 θ

r2
, (2.7)

where ρ0 has units of molecules m−1 sr−1 and depends on the source stagnation num-

ber density. The total number of molecules emitted during the pulse is therefore

given by

N =

∫ 2π

0

∫ 1

0

∫ rmax

0

ρ(r, θ)r2 dr d cos θ dφ

=
2

3
πρ0rmax, (2.8)

where rmax = vt is the maximum distance travelled by a molecule in the gas pulse,

t is the duration of the gas pulse and v is the velocity of the molecular beam. In

the current experiments t ∼ 300 µs and v is estimated to be 1000 ms−1 [32]. Using

Equation 2.8 to calculate ρ0 from the estimated number of molecules in each gas
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pulse, the number density in the beam at the interaction region (7.5 mm from the

nozzle orifice, along the axis of the molecular beam) is found, using Equation 2.7,

to be ' 2× 1014 molecules cm−3.

As a crude check of the number density in the interaction region determined

above, the value may be used to estimate the number of methyl products formed

and detected by the photolysis and probe laser pulses. If Gaussian beam optics are

assumed, the interaction volume, V , of the photolysis laser can be estimated using

V = πbw2
0, where

w0 ≈ fλ

πw
(2.9)

and

b =
πw2

0

λ
. (2.10)

In these equations w0 is the radius of the laser beam waist at the focus, w is the

radius of the beam at the lens, λ is the laser wavelength and b is the distance over

which the beam radius spreads by a factor of
√

2 (giving a reasonable estimate of the

‘depth of focus’). In the present experiments, V ' 3× 10−5 cm3. At the photolysis

laser pulse energies employed in the current study (∼ 5 mJ at the window on the

chamber), all of the Cl2 precursor molecules in the interaction region are found to

be photolysed. The methyl radical number density, nCH3 , is given by

nCH3 = nCl × V × nCH4 × σCl+CH4 ×∆t× vCl, (2.11)

where nCl is the number density of chlorine atoms, σCl+CH4 is the reaction cross-

section, ∆t is the delay between photolysis and probe laser pulses and vCl is the

velocity of the chlorine atoms. For a photolysis-probe delay of 25 ns and estimat-

ing the reaction cross-section to be ∼ 5× 10−20 cm2, the methyl number density is

calculated to be ∼ 5× 105 radicals per pulse. Assuming a detection efficiency on

the order of 1%, this gives around 5000 methyl ions formed for every laser pulse.

Although slightly higher, this value is of a similar magnitude to that determined

from the recorded images.
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Figure 2.13: A schematic of the experimental apparatus.

2.10 Experiments Performed in Crete

Experiments on the Cl + C2H6 and Cl + n-C4H10 reactions were performed using

the velocity-map ion imaging apparatus at the Institute for Electronic Structure

and Laser in Crete. The experimental work was carried out under the supervision

of Professor Theofanis N. Kitsopoulos during a short visit to the institute.

2.10.1 The Machine

A schematic of the apparatus is shown in Figure 2.13. It consists of two regions: (i)

the molecular beam source and reactive scattering region pumped by a mechanical

pump backed 3000 l/s oil diffusion pump (Leybold, DI 3000) fitted with a water-

cooled baffle and (ii) the detection region pumped by a 600 l/s turbo-molecular

pump (Leybold, Turbovac 600). Owing to the separation of these two regions by

a 15 mm hole, only a slight differential pumping between them was achieved. A

1:1 mixture of Cl2 (Merck, 99.8%) and ethane (Aldrich, 99%), or n-butane (Aldrich

98%), stored in a glass bulb at a pressure of ∼ 600 Torr was co-expanded in a pulsed

molecular beam using a homemade piezoelectrically actuated nozzle [142] with a
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1 mm diameter orifice operating at 10 Hz. Typical operating pressures in the source

and detection regions were 1×10−5 and 1×10−6 Torr respectively. Standard velocity

mapping ion optics [67] were mounted directly in front of the nozzle, with the nozzle

and the repeller plate maintained at the same voltage to avoid electrical discharge

during the gas pulse. Midway between the repeller and extractor field plates the

molecular beam was intersected perpendicularly by two counter-propagating laser

beams. Photolysis of Cl2 at 355 nm was effected using the third harmonic output

of a Nd:YAG laser (∼ 20 mJ per pulse).

The HCl(v′ = 0) products of both reactions were detected with rotational-state

resolution via (2+1) REMPI, through the Q branch of the E 1Σ+ state [143–145]

for j′ = 0–6, and additionally through the R branch of the F 1∆2 state [143–145]

for j′ = 1, 3 and 6. The probe radiation was generated using the frequency-doubled

output of a Nd:YAG-pumped optical parametric oscillator (Spectra-Physics Pro 250

MOPO) with a typical pulse energy of ∼ 1 mJ. For each transition the probe laser

was scanned over the Doppler profile of the HCl product. Both photolysis and

probe laser beams were linearly polarised in the plane of the detector and were

focused using 25 cm focal length lenses. The timing of the experiment was con-

trolled using digital delay pulse generators (SRS DG535). A short delay of between

120 ns and 150 ns between the photolysis and probe laser pulses allowed sufficient

HCl product density to build up prior to detection. Owing to the narrow focus

of both laser beams, care was taken to ensure that fly-out was avoided. Suitable

electrostatic potentials applied to the repeller and extractor plates of the ion optics

effected velocity mapping [67] of the ionised reaction products onto the detector

(a pair of matched MCPs [Hamamatsu] coupled to a P46 phosphor anode [Prox-

itronic]) located approximately 45 cm from the interaction region. H35Cl+ ions were

detected mass-selectively by pulsing the voltage applied to the MCPs from −1100 V

to −1600 V at the appropriate time-of-flight. The resulting images were captured

using a CCD camera (Cohu 4910) and sent to a PC for signal averaging (EyeSpy

software by k-Space Associates).
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2.10.2 The Cl Atom Reactant

The photodissociation of Cl2 using linearly polarised light at 355 nm has been well

characterised [82, 128, 137, 138, 146–150]. At this wavelength more than 98% of the

chlorine atoms are produced in their ground electronic state, Cl(2P3/2), with a trans-

lational anisotropy, β0, of −1.0± 0.1 [82, 128, 138]. Conservation of energy dictates

that the Cl(2P3/2) atoms are therefore travelling at 1675 ms−1 following photolysis.5

Assuming that the relative motion between the molecular chlorine precursor and

the alkane is small, owing to efficient translational cooling in the jet expansion and

that velocity slip [32] is negligible, the photolysis defines the relative motion of the

chlorine atom and the alkane molecule, yielding a mean collision energy of 0.24 eV

with a FWHM of 0.05 eV for the Cl + C2H6 reaction, and a mean collision energy

of 0.32 eV with a FWHM of 0.06 eV for the Cl + n-C4H10 reaction. The different

mean collision energies arise solely from the differing masses of the C2H6 and n-

C4H10 molecules. The spread is due to residual thermal motion of the precursor and

reagent and was calculated using an estimated translational temperature of 50 K

based on probe-only images of background HCl [94] (see Section 2.10.4).

Direct detection of the Cl(2P3/2) atoms produced from 355 nm photolysis via

the 4p 4P3/2 ← 2P3/2 (2+1) REMPI transition at 240.46 nm [125] allowed velocity

calibration of the ion images of reaction products. These images were obtained

under similar time delay and molecular beam intensity conditions to those used to

study the bimolecular reaction. A typical image is shown in Figure 2.14. The pixel-

to-velocity conversion factor was determined by inverse Abel transformation of the

images, with the maximum in the radial coordinate of the resulting ‘slice’ through

the 3D scattering distribution corresponding to the known single velocity of the

Cl photofragment. Integration of the inverse Abel transforms over angle returned

the Cl atom speed distribution, P (vCl), shown in Figure 2.15. The translational

anisotropy parameter, β0, also obtained from the inverse Abel transformed images,

was found to be close to −1. This suggests that collisional scrambling of the Cl

5Calculated using D0
0(

35Cl2) = 2.475 eV [127, 128].



Experimental Technique 54

Figure 2.14: Raw ion image of the Cl(2P3/2) atom products of photodissociation
of molecular chlorine at 355 nm.
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Figure 2.15: Speed distribution of the Cl(2P3/2) atoms—obtained from an inverse
Abel transformed image—used to calibrate the radial axis of the images.
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velocity distribution prior to reaction, which would lead to a lowering of β0, was

unlikely to be a problem in these experiments.

The Cl velocity distribution observed here for the reactions of chlorine with

ethane and n-butane is more well-defined than that determined for the Cl atoms in

the reaction of chlorine with methane (see Section 2.9.2). The difference is thought

to arise as a result of several factors, including the different lasers, laser powers and

nozzles used in the two different experimental rigs. The piezoelectrically actuated

nozzle used in the experiments described here is believed to give a shorter and more

directed gas pulse than the solenoid nozzle used in the Cl + CH4 study. Also, owing

to the lower cross-section for the Cl + CH4 reaction than for either the Cl + C2H6 or

Cl + n-C4H10 reactions, and the somewhat lower power density of the laser pulses

output by the excimer and excimer-pumped dye lasers compared to the Nd:YAG and

Nd:YAG-pumped optical parametric oscillator lasers, rather higher laser intensities,

resulting in a longer interaction region, were employed in the Cl + CH4 experiments

than in those described here. The combination of these factors means that a much

smaller portion of the free-jet expansion is sampled in the present studies than in

the investigation of the reaction of chlorine with methane, with the result that the

chlorine atom speed distribution is correspondingly narrower.

2.10.3 Background HCl

Unwanted side-reactions of the Cl2 with ethane and n-butane in the gas manifold,

which produced translationally cold background HCl, complicated the acquisition

of the ion images of reactively scattered HCl products. This background signal was

observed as a bright spot in the centre of the HCl ion images. Attempts were made

to minimise the background HCl by using a glass bulb reservoir to store the gas

mixture and by using fresh gas mixtures every 2–3 hours. In addition, the bulb

and gas lines were flushed with a mixture of ∼ 5% NO in helium before introducing

each new Cl2/ethane or Cl2/n-butane gas mixture. This procedure was observed

to decrease the level of background HCl, although the reason for the success of this
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Figure 2.16: From left to right, a raw ion image of HCl(v′ = 0,j′ = 1) generated
in a co-expanded mixture of Cl2 and ethane, an image of the background HCl ob-
tained without the photolysis laser firing, and the image obtained with the background
subtracted.

procedure is unknown [131]. Probe-only images of the background HCl signal were

obtained after collection of each reactive signal image and were subtracted from

the signal images (see Figure 2.16). The background subtraction is imperfect due

to near saturation of the detector in the centremost region of both the signal and

background images (where the HCl intensity was concentrated), and thus the central

portions of the images were not used in the data analysis.

Owing to the kinematics of the reaction of chlorine with ethane, the region ob-

scured by the cold background signal in the images corresponds to extreme backward

scattering of the HCl products with near maximum centre-of-mass kinetic energy.

The grey circle in the collapsed6 Newton diagram for the reaction shown in Fig-

ure 2.17 marks the region of scattering space to which the background subtraction

renders the experiment insensitive. Only centre-of-mass scattering angles between

170◦and 180◦are seen to be affected. The two collapsed Newton diagrams for the

two pathways in the reaction of chlorine with n-butane, namely abstraction of a

hydrogen atom from either a primary or secondary carbon site, are shown in Fig-

ure 2.18. For both reaction channels, only HCl products scattered in the extreme

backward direction with less than maximal kinetic energy releases are obscured by

the background. A slightly wider range of angles and energy releases are therefore

6The term ‘collapsed’ refers to the assumption in these diagrams that the velocity of the alkane
reactant, v2, is zero and that the relative velocity of the reagents, k, is thus defined by the velocity
of the hot atom, v1. This assumption is reasonable in the current experiments, where v1 À v2,
due to translational cooling of the alkanes in the molecular beam.
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Figure 2.17: Collapsed Newton diagram for the Cl + C2H6 reaction (drawn to
scale). k is the reagent relative velocity, vCM is the velocity of the centre-of-mass,
w and θ are the HCl CM frame speed and scattering angle, and v and θv are the
LAB frame speed and scattering angle, respectively. The outer circle, of radius wmax,
represents the maximum speed of the HCl products in the CM frame. The grey circle
represents the region of scattering space to which the experiments are insensitive due
to background subtraction.
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Figure 2.18: As for Figure 2.17, collapsed Newton diagrams for the abstraction of
hydrogen atoms from (a) primary and (b) secondary carbon sites in the Cl + n-C4H10

reaction; both drawn on the same scale as Figure 2.17.
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affected in this reaction compared to the Cl + C2H6. Background subtraction does

not, however, severely impair the analysis for either reaction system.

2.10.4 Speed Resolution and Molecular Beam Temperature

The speed resolution of the apparatus was estimated from images of Cl from Cl2

photolysis. The images were obtained in a similar way to that described in Section

2.10.2, except that the delay between the photolysis and probe laser pulses was

shortened to ∼ 25 ns, and a shorter gas pulse was used in order to effect maximal

cooling of the jet expansion. Integration over angle of the inverse Abel transform of

the images returned the Cl atom speed distribution, which was then fitted using a

Gaussian of the form

y = A e−(v−v0)2/2σ2

, (2.12)

where v0 is the mean speed, σ is the standard deviation, and for which the FWHM,

∆vres, is given by

∆vres = σ2
√

2 ln 2. (2.13)

The speed resolution of the apparatus, ∆vres/v0, was determined from the fit to be

∼ 6%. The Cl atom speed distribution and the fit to it are shown in Figure 2.19.

The images of background HCl described in Section 2.10.3 were used to estimate

the translational temperature of the molecular beam. A Gaussian of the form

y =
A√
2πσ2

e−v2/2σ2

, (2.14)

for which the FWHM, ∆vtot, is given by

∆vtot = σ2
√

2 ln 2, (2.15)

was fitted to the central cross-section of the HCl spot. The speed distribution and

the returned fit are shown in Figure 2.20. By equating the exponential term in
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Figure 2.19: Speed distribution of the Cl(2P3/2) atoms (•) and Gaussian fit (- - -)
used to determine the velocity resolution of the apparatus.

Equation 2.14 with that in the 1D Maxwell–Boltzmann speed distribution

f(v) =

(
m

2πkT

) 1
2

e−mv2/2kT , (2.16)

the total translational temperature in the Maxwell–Boltzmann distribution (i.e.,

that containing the contribution from both the translational temperature and the

apparatus speed resolution), Ttot, may be expressed in terms of ∆vtot as

Ttot =
(∆vtot)

2m

8k ln 2
. (2.17)

Taking into account the broadening of the HCl speed distribution from the resolution

of the apparatus, ∆vres, using

(∆vtrans)
2 = (∆vtot)

2 − (∆vres)
2, (2.18)
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Figure 2.20: Speed distribution of the background HCl (•) and Gaussian fit ( - - -)
used to determine the translational temperature of the molecular beam.

the translational temperature, T , of the molecular beam is estimated to be 50 K.

Good agreement between a simulation of the reactant Cl atom speed distribution

and that determined experimentally in Section 2.10.2 can be seen in Figure 2.21.

The simulated distribution was calculated [94] using the translational temperature of

50 K estimated above and was convoluted with an appropriate Gaussian to include

the apparatus speed resolution.

2.10.5 Molecular Beam Number Density

The molecular number density in the interaction region of the free jet expansion can

be estimated using

n

n0

=

(
1 +

γ − 1

2
M2

)−1/(γ−1)

, (2.19)

assuming that the expansion is isentropic, the gases behave ideally, γ is constant

and there is continuum flow [32]. In Equation 2.19, n is the number density, n0 is
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Figure 2.21: Experimental speed distribution of the reactant Cl(2P3/2) atoms (—)
and simulated speed distribution ( - - -) obtained using the determined speed resolution
and translational temperature of the molecular beam.

the source stagnation number density and γ is the ratio of specific heat capacities

(Cp/Cv). At small distances from the nozzle, as were used in the experiments

described here, the centreline Mach number, M , is given by

M =
(x

d

)(γ−1)


C1 +

C2(x

d

) +
C3(x

d

)2 +
C4(x

d

)3


 , (2.20)

where x is the distance from the nozzle aperture, d is the diameter of the nozzle

aperture, and C1–C4 are experimentally determined coefficients depending on γ and

the expansion type. Using ideal gas heat capacities for the 1:1 mixtures of Cl2

and alkanes used gives γ to be ∼ 7/5. The currently accepted coefficients for an

axisymmetric expansion for which γ = 7/5 are C1 = 3.606, C2 = −1.742, C3 =

0.9226, and C4 = −0.2069 [32]. Using Equations 2.19, 2.20 and the ideal gas law

to calculate n0, the number density, n, in the free jet expansion is thus estimated



Experimental Technique 62

to be ∼ 1016 molecules cm−3 in the interaction region (7.5 mm downstream from the

nozzle orifice). It should be noted that this is very much an upper limit on the

number density, since non-ideal behaviour of both the expansion and the gases,

and background gas scattering will attenuate the beam intensity in the interaction

region [32]. The molecular beam number density is discussed further in Section

4.3.2 for the Cl + C2H6 reaction, where, by comparison of the raw data from the

current experiments with previous work of Zare and co-workers [151, 152], secondary

collisions of reactants or products are found to be insignificant. Secondary collisions

are therefore also expected to be of minor importance in the Cl + n-C4H10 reaction.



Chapter 3

Data Analysis

3.1 Introduction

The various analysis methods used to obtain the results presented later in this thesis

are explained here.

The two most important frames of reference employed in the interpretation of

the velocity-map image data obtained from the experiments described in Chapter 2

are the laboratory (LAB) frame and the centre-of-mass (CM) frame. The LAB

frame is the most intuitive and may be defined, for example, with reference to the

polarisation direction of the light used for molecular excitation (i.e., the direction

of the electric vector of the photolysis light, εp). All of the experimental data are

measured in this reference frame. In order to describe the dynamics of a reaction

or a photodissociation process, however, it is more useful to reference the relative

positions and momenta of atoms with respect to the centre-of-mass, that is, in the

CM frame. The different approaches that have been taken in the analysis of the

velocity-map ion images, including the methods that have been used to convert

the experimental LAB frame measurements into the CM frame angular scattering

and speed distributions of interest, and to generate from these the product flux

(velocity-angle) contour maps, are explained here.

Methods to reconstruct the full 3D scattering distribution from the 2D projection

provided by the velocity-map ion imaging technique are outlined in the following

63
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Section. These reconstruction methods yield a ‘slice’ through the full 3D scattering

distribution, which for images of the products of photolysis processes, provides the

CM scattering distributions directly. In the case of the products of bimolecular

reactions, however, the ‘slice’ returned by reconstruction of the images provides

only the LAB frame scattering distributions, which must then be converted into the

CM frame. Simple inversion analyses to achieve this transformation are presented in

Section 3.3, while the more complete Legendre moment fitting analysis is described

in Section 3.4.

3.2 Image Reconstruction

Experiments employing velocity-map ion imaging allow the direct measurement of

a 2D projection of the velocity distribution of a photofragment or reaction product.

In order to take full advantage of the technique, reliable methods are required for

the reconstruction of the 3D scattering distribution, and thus extraction of the

dynamical quantities of interest, from the 2D images. A comprehensive survey of

reconstruction methods is given in Chapter 3 of Ref. [153]. The two main approaches

used to date, however, have been the inverse Abel transform and forward convolution

methods, and these are described here.

3.2.1 The Inverse Abel Transform

The inverse Abel transform [59, 154, 155] is a direct mathematical transform that

returns a ‘slice’ through the centre of the 3D velocity distribution for systems con-

taining an axis of cylindrical symmetry. The transform is thus ideally suited to stud-

ies of photolysis processes and photon-initiated reactions that yield products with

no angular momentum alignment. In both types of system, products are scattered

with cylindrical symmetry about the electric vector of linearly polarised photoly-

sis radiation. The 3D velocity distribution of the scattered products in Cartesian

coordinates, I(x, y, z), may therefore be written in terms of just two cylindrical co-



Data Analysis 65

ordinates, I = I(r, z), where r =
√

x2 + y2. If the y axis is defined to be parallel to

the time-of-flight axis, the 2D projection of I(r, z) in the detection plane, the (x, z)

plane, may then be written as P (x, z), where the two functions are related by the

Abel integral,

P (x, z) = 2

∫ ∞

x

rI(r, z)√
r2 − x2

dr. (3.1)

The inverse transform can be found by applying the Fourier transform convolution

theorem [156] and is given by

I(r, z) = − 1

π

∫ ∞

r

P ′(x, z)√
x2 − r2

dx, (3.2)

where P ′(x, z) = dP (x, z)/dx. Solving Equation 3.2 is numerically impractical due

to the singularity at r2 = x2 and because it requires the derivative of the projection

data to be calculated at discrete sample points (the pixels); the derivative in the

integrand also tends to magnify any noise in the data [157]. Currently, the most

commonly used method for calculating the inverse Abel transform in ion imaging

applications is the Fourier–Hankel technique, proposed by Smith et al. [70, 158].

Consider a single row of the image taken along the x axis with z = z0, so that

P (x, z0) ≡ P (x) may be written as

P (x) =

∫ ∞

−∞
s(x, y) dy = 2

∫ ∞

0

s(x, y) dy, (3.3)

where s(x, y) = I(x, y, z0) is a slice taken through the 3D distribution perpendicular

to the symmetry axis at z0. By taking the Fourier transform, F( · · · ), of Equa-

tion 3.3,

F{P (x)} =

∫ ∞

−∞

∫ ∞

−∞
s(

√
x2 + y2) e−i2πxq dx dy, (3.4)

and changing from Cartesian to polar coordinates, it can be shown that

F{P (x)} = 2π

∫ ∞

0

s(r)J0(2πrq)r dr, (3.5)
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where J0( · · · ), the zero-order Bessel function of the first kind, is given by

J0(z) =
1

2π

∫ 2π

0

e−iz cos θ dθ. (3.6)

As noted by Smith et al. [158] and Castleman [155], the right hand side of Equa-

tion 3.5 is the zero-order Hankel transform, H( · · · ), of s(r). Since the inverse Hankel

transform is identical in form to the forward transform, the original distribution s(r)

can then be recovered by taking the Hankel transform of the Fourier transform of

the projected intensity:

s(r) = H
[
F{P (x)}

]

= 2π

∫ ∞

0

qJ0(2πrq)

∫ ∞

−∞
P (x) e−i2πxq dx dq. (3.7)

From a computational point of view, the inversion formula given in Equation 3.7 has

several advantages over the Abel inversion integral of Equation 3.2: (i) the difficulty

associated with the singularity at the lower limit of integration is avoided; (ii) follow-

ing the Fourier transform of P (x), filters may be applied directly to the frequency

domain to reduce noise and thus smooth the data in a systematic manner; and,

(iii) Equation 3.7 can be numerically approximated with discrete fast Fourier trans-

form (FFT) algorithms. In practice this is achieved using the Cooley–Tukey FFT

algorithm [159] on each line in the image and then computing the Bessel function

convolution by direct summation. Note that although the Fourier–Hankel formula-

tion of the image reconstruction algorithm reduces the problems associated with any

noise in the image, it does not completely eliminate them. In particular, because

the Bessel function oscillates rapidly close to the origin, ‘wide-sense stationary’ noise

(i.e., noise of zero mean and with constant variance) present in the image data ap-

pears as ‘non-stationary’ noise in the inverse Abel transform with variance inversely

proportional to the distance from the centreline (the axis of cylindrical symmetry

in the system) [160].

Inverse Abel transformation of the images obtained from the experiments de-
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scribed in this thesis was achieved using a FORTRAN 77 adaptation of the Fourier–

Hankel C code written by Whitaker [70].

As was mentioned in Section 2.3.4, use of the ion counting method to enhance

spatial resolution and detector sensitivity tends to produce ‘grainy’ images; the

high sensitivity of the inverse Abel transform to this noise thus poses a problem for

inversion of such data using this technique. A common method used to reduce the

centreline noise generated by the inverse Abel transformation of ion counted images

is to first convolute the original image with a 3 × 3 Gaussian kernel. Blurring

of the experimental images in this way prior to calculation of the inverse Abel

transform overcomes the noise problem to some extent, but also leads to a small

loss in speed resolution. Note that care should be taken when performing this

procedure, however, because smoothing of sharp features in the 2D projection of

the 3D scattering distribution is not equivalent to complete sampling of the entire

3D scattering space, which is a requisite for use of the inverse Abel transform [82].

An alternative procedure for smoothing images acquired using the ion counting

technique, which avoids this problem and does not entail any loss in speed resolution,

was recently proposed by Bass et al. [161] and is discussed further in Section 3.4.2.

3.2.2 Forward Convolution Methods

An alternative approach to the inverse Abel transform involves forward convolution

of the image, whereby images are simulated based on a trial scattering distribution

and compared with the experimental data. The trial distribution is then adjusted

iteratively until satisfactory agreement is obtained. Note that, in general, forward

convolution methods are not limited to cylindrically symmetric distributions, and

may be used to analyse images obtained from experiments on processes which form

products with aligned angular momenta. In a variation on the forward convolution

technique, a set of ‘basis images’ is simulated and fitted to the experimental image

to extract the parameters of interest. Two such approaches that have been shown to

be particularly successful for inversion of cylindrically symmetric systems [153] are
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the iterative inversion method of Vrakking [162] and the basis set expansion method

of Reisler and co-workers [163]; these are described in more detail below.

In the iterative inversion method, use is made of the similarities that exist for

cylindrically symmetric systems between the form of the angular and radial distribu-

tions of the 3D scattering distribution and of the corresponding 2D projection. First,

a trial 3D scattering distribution based on the radial and angular distributions in the

experimental image is assumed and the 2D projection calculated. The differences

between the experimental image and this calculated projection are then evaluated

and used to apply a correction to the 3D scattering distribution. The process is then

repeated until the differences between the experimental data and the calculated 2D

projection are acceptably small. A suitable level of convergence is usually achieved

over 10–20 iterations. Since this method uses the radial distribution to perform the

inversion, any noise in the experimental image is projected towards the centre-point

of the returned ‘slice’ through the 3D scattering distribution and not, as is the case

with other methods, along the centreline.

The basis set expansion (BASEX) method is based on expanding the 2D exper-

imental projected image in a basis set of functions that are analytical projections

of known well-behaved functions. The experimental 3D scattering distribution can

then be reconstructed as a linear combination of these unprojected well-behaved

functions, using the same expansion coefficients. The basis set functions in 3D

scattering space are chosen such that they have analytical solutions to the Abel

transform, and therefore give smooth functions in the 2D projection. The ill-posed

inverse Abel transform is thus converted into the simple problem of determining the

expansion coefficients, which is achieved purely by matrix multiplication.

There are two significant advantages of the BASEX method over other inversion

methods used to reconstruct the 3D scattering distribution from the 2D projection

for cylindrically symmetric systems. The first is that noise in the reconstructed

distribution appears only when it exists in the 2D projection and is not generated

by the inversion procedure. Note, however, that each point in the original 3D scat-
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tering distribution, located at a distance r from the axis of cylindrical symmetry,

contributes only to points with x ≤ r in the projection. The projection therefore

contains less information about regions of the 3D scattering distribution closer to

the symmetry axis compared to those farther from the axis. Since the noise in the

experimental images is ‘wide-sense stationary’, the signal-to-noise ratio in the re-

constructed 3D scattering distribution therefore decreases towards the centreline.

The BASEX method significantly reduces the effect of this lower signal-to-noise ra-

tio along the centreline, without impacting on the quality of the reconstruction.

The second advantage of the BASEX method lies in the analytical expression re-

turned for the reconstructed 3D scattering distribution, which allows the speed and

anisotropy distributions to be calculated analytically. The resolution of the distri-

butions are therefore higher than those obtained from the discrete ‘slice’ through

the 3D scattering distribution returned by other methods.

3.3 Photon-Initiated Reactions

Brief overviews of the photon-initiated reaction scheme and the photolysis step are

given at the beginning of this Section, prior to discussion of the two closely related

inversion methods that have been used to obtain the CM angular scattering distri-

bution from the product LAB frame speed, P (v), and speed-dependent translational

anisotropy, β(v), distributions. These LAB frame distributions are readily obtained

from experimental images by integration over the angular coordinate of the ‘slice’

though the 3D product velocity distribution returned by the inverse Abel transform.

The LAB frame is defined here such that the z axis lies parallel to the electric vector

of the photolysis radiation, εp.

3.3.1 Overview of the Photon-Initiated Reaction Scheme

The experiments carried out to determine the dynamics of bimolecular reactions

presented in this thesis employ the laser pump-probe technique. This method may
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be represented by the following reaction scheme:

AX + hν GGGGA A + X

A + BC GGGGA AB(v′, j′) + C (3.8)

Molecular photodissociation in the pump step is used to generate fast moving (gen-

erally atomic) reactants, A, with well-defined velocities. These then react with the

target molecules, represented here as BC. The AB(v′,j′) (or C) products of the re-

action are probed quantum state selectively at pump-probe delay times sufficiently

short to ensure single collision conditions.

The choice of photolysis as the initiation step for the reaction has several advan-

tages: (i) the use of a laser pulse allows the timing between reaction initiation and

probing of the products to be chosen precisely; (ii) the reaction collision energy is

defined by the wavelength of the light used; and, (iii) photodissociation is often an

anisotropic process. If the precursor is photolysed using polarised light, the velocity

vector of the photofragments will be linked to the direction of the electric vector of

the photolysis light, providing a reference axis against which the measured product

spatial distributions may be correlated.

3.3.2 The Anisotropy of the Photodissociation Step

The classical probability that a molecule will be dissociated through an electric

dipole transition by absorption of one photon of linearly polarised light, Pdiss, de-

pends on the angle, θm, between the transition dipole moment, µ, and the electric

vector of the photolysis radiation εp:

Pdiss ∝ |µ.εp|2 ∝ cos2 θm. (3.9)

Radiation will therefore be preferentially absorbed by those molecules with µ aligned

parallel to εp. For a single recoil velocity, the LAB frame photofragment angular
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distribution of A formed by photodissociation of AX, I(ϑ), is given by [91, 92]

I(ϑ) =
1

4π
[1 + β0P2(cos ϑ)] , (3.10)

where ϑ is the angle between the recoil velocity, vA, and εp, β0 is the anisotropy pa-

rameter, and P2(x) = 1
2
(3x2−1) is the second Legendre polynomial. The anisotropy

parameter may therefore be expressed classically in terms of Legendre moments [91,

164] as

β0 = 5〈P2(ε̂p.v̂A)〉, (3.11)

where 〈 · · · 〉 denotes an average over the recoil distribution. The azimuthally aver-

aged addition theorem [165, 166] allows the factorisation

β0 = 5〈P2(ε̂p.µ̂)〉〈P2(µ̂.v̂A)〉, (3.12)

where 〈P2(ε̂p.µ̂)〉 accounts for the LAB to molecule fixed frame transformation and

is equal to 2/5. The anisotropy parameter is therefore given by

β0 = 2〈P2(µ̂.v̂A)〉. (3.13)

The value of β0 thus ranges from −1 (a sin2 ϑ distribution) to +2 (a cos2 ϑ distri-

bution). β0 = 0 corresponds to an isotropic distribution. The angular distributions

for these three cases are shown in Figure 3.1.

Simple limiting cases occur for a diatomic molecule when dissociation occurs on a

single repulsive surface sufficiently promptly that the fragments have the same final

direction as the orientation of the bond when the dissociative transition occurred

(the axial recoil approximation). µ must then either lie along the internuclear axis

(a parallel type transition, ∆Ω = 0) where β0 = +2, or lie in a plane at right angles

to the internuclear axis (a perpendicular transition, ∆Ω = ±1) where β0 = −1.

Information about the symmetry of the ground and excited states of the electronic

transition may therefore be deduced from measurements of the angular distributions
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Figure 3.1: Surfaces representing the angular distribution of the velocities of prod-
ucts of photolysis by one photon of linearly polarised laser light, where the translational
anisotropy, β0, is (a) –1, (b) 0 and (c) +2. The z axis is defined to lie parallel to the
electric vector of the photolysis radiation.

of the recoiling photofragments. Note that in general, however, even for a diatomic

molecule the anisotropy parameter can be reduced from these limiting values by

molecular rotation after excitation and prior to dissociation, or rotation during the

dissociation process itself. Theoretical treatments of these effects have been given

in detail elsewhere [167, 168]. Further complications can arise if multiple electronic

states are excited coherently.

Initiation of a bimolecular reaction via the photolysis of a precursor, whose LAB

and CM frame scattering distributions can be described accurately, therefore allows

the reaction product momenta to be measured relative to the photodissociation recoil

direction and thus relates the LAB frame observables to the CM frame distributions

of interest.

3.3.3 Triatomic Reactions: A Simple Treatment

In order to simplify discussion of the product angular scattering distribution, it is

useful to make some initial assumptions: (i) by co-expansion of the AX photoly-

sis precursor and BC reactant gases into a vacuum to form a molecular beam, the

limit of zero relative speed is approached (see Chapter 2); the precursor and target

molecules are therefore assumed to be stationary with respect to each other (see
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Section 3.4.1); (ii) photodissociation of the precursor using linearly polarised light

occurs by a single channel to give a well-defined anisotropy and speed distribution;

and, (iii) the reaction co-product C is structureless and has no energetically acces-

sible excited states, so that the speed of the AB(v′,j′) product is constrained by

conservation of energy.

The translational energy of photofragment A, EA, is given by

EA =

(
mX

mAX

)
· (

hν −D0
0(A–X)

)
, (3.14)

where mi is the mass of moiety i, hν is the photon energy and D0
0(A–X) is the

dissociation energy of AX. Since the AX and BC molecules in the molecular beam

are assumed to have the same LAB frame speed, the relative speed of the A and

BC reactants, k, is equal to the speed of the hot atom, A. The collision energy, Et,

is therefore given by

Et =
1

2
µk2

=
mBC

M
EA, (3.15)

where µ = mAmBC

mA+mBC
is the reduced mass of the reactants and M = mA + mBC =

mAB + mC. The speed of the centre-of-mass, vCM, is given by

vCM =
(mA

M

)
vA +

(mBC

M

)
vBC

=
(2mAEA)

M

1/2

. (3.16)

Since the internal states of the reagents and products of this idealised reaction are

uniquely defined, the speed of the AB products in the CM frame, w, is fixed by the

kinematics to be

w =

(
2mCE ′

t

mABM

)1/2

, (3.17)

where E ′
t is the translational energy of the products and can be calculated exactly
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Figure 3.2: Newton diagram for a triatomic reaction. The probed product is con-
strained to a fixed CM speed, w, by conservation of energy; the LAB speed, v, is
related to the CM scattering angle, θ, simply by the cosine rule.

using

E ′
t =

1

2
µ′k′2 (3.18)

= E ′
AVL − E ′

INT, (3.19)

where µ′ = mABmC

mAB+mC
is the reduced mass of the products, k′ is the relative speed of

the AB and C products, E ′
INT is the total internal energy of the products and E ′

AVL

is the total energy available to the products. E ′
AVL is given by

E ′
AVL = Et + EINT −∆rH

◦−
0 , (3.20)

where EINT is the internal energy of the reactants, and ∆rH
◦−
0 is the enthalpy change

of the reaction at 0 K. The only variable needed to determine the speed of AB in

the LAB frame is therefore the CM scattering angle, θ (see Figure 3.2). The law

of cosines may be used to relate the LAB frame to the CM frame [94–96, 109]. In
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terms of vCM, w, and the LAB speed of the AB products, v, one may write

v2 = w2 + v2
CM + 2wvCM cos θ (3.21)

and

w2 = v2 + v2
CM − 2vvCM cos θv, (3.22)

where

cos θv = k̂.v̂, cos θ = k̂.ŵ ≡ k̂.k̂
′
, (3.23)

k (= vA) is the reagent relative velocity vector, which lies parallel to vCM, v is the

AB product LAB frame velocity and k′ (‖ w) is the product relative velocity vector.

The simple law of cosines relationship between v and θ given in Equation 3.21 led

Zare and co-workers to coin the acronym ‘photoloc’ (photo law-of-cosines) [96] to

describe the photon-initiated reaction technique.

3.3.4 The LAB Frame Scattering Distribution

It has been shown previously [93–97] that, neglecting product polarisation effects,

the product LAB frame scattering distribution takes the same functional form as

that for the molecular photodissociation step used to generate the fast moving re-

actants (see also Section 3.4):

P (v, Θv) =
P (v)

4π

[
1 + β(v)P2(cos Θv)

]
, (3.24)

where P (v) is the product LAB frame speed distribution, β(v) is the speed-dependent

translational anisotropy parameter, and Θv is the angle between v and the electric

vector of the precursor photolysis light, εp. Analogously to molecular photodissocia-

tion, and again using the azimuthally averaged addition theorem [165, 166] to allow
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factorisation, it follows that β(v) may be written as

β(v) = 5〈P2(ε̂p.v̂)〉
= 5〈P2(ε̂p.v̂A)〉〈P2(v̂A.v̂)〉
= β0〈P2(v̂A.v̂)〉, (3.25)

where β0 is the translational anisotropy of the products of the precursor photodis-

sociation. In the present case, since v̂A is parallel to k,

β(v) = β0〈P2(k̂.v̂)〉. (3.26)

The speed-dependent translational anisotropy, β(v), thus lies in the range

−β0

2
≤ β(v) ≤ β0. (3.27)

3.3.5 Simple Inversion Analysis

The simple inversion analysis procedure follows that developed by Zare and co-

workers [109–111, 151], in which the LAB frame product speed distribution is directly

transformed into the CM angular scattering distribution. For any reaction in which

the products are detected quantum state selectively, by neglecting any spread in

the velocity of either the reactant atom or the target molecule and by assuming the

co-product is formed with zero or fixed internal energy, the dynamics of the system

reduce to those of a triatomic reaction, for which the equations presented in Section

3.3.3 apply. It thus follows from Equation 3.21 that the CM angular scattering

distribution, P (cos θ), is related to the measured LAB frame speed distribution,

P (v), by a simple Jacobian:

P (cos θ) = P (v)

∣∣∣∣
dv

d cos θ

∣∣∣∣

= P (v)
wvCM

v
, (3.28)
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where the distribution functions are normalised such that

∫ 1

−1

P (cos θ) d cos θ =

∫ vmax

vmin

P (v) dv = 1, (3.29)

the velocity of the centre-of-mass, vCM, is given by Equation 3.16 and, for a particu-

lar quantum state of the detected reaction product, the CM frame product speed, w,

is given by Equation 3.17. Since all the required speeds may be calculated, the mea-

sured LAB speed distribution to CM angular scattering distribution transformation

may be performed.

3.3.6 Polyatomic Reactions

Consider the case that A reacts with a polyatomic target molecule, BCD. The reac-

tion scheme can now be represented by

AX + hν GGGGA A + X

A + BCD GGGGA AB(v′, j′) + CD(v′′, j′′) (3.30)

Here the quantum state selectively detected AB(v′,j′) products are partnered by

molecular co-products, CD(v′′, j′′), that may be formed in a range of quantum states.

The AB products can now have a range of CM speeds, each corresponding to a par-

ticular internal state of the partner fragment, and the direct correspondence between

the AB product LAB frame speed and CM scattering angle given by Equation 3.28

no longer holds. This situation is illustrated in Figure 3.3. In the polyatomic case

it is therefore necessary to measure the LAB angular distribution, P (Θv), as well as

the LAB speed distribution in order to determine the dynamically significant CM

speed and angular distributions. This is discussed more fully in Section 3.4.
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Figure 3.3: As for Figure 3.2, Newton diagram for a polyatomic reaction. The
distribution of internal energies in the co-fragment results in a range of product CM
speeds, w (shown as the grey ring). There is no direct correspondence between CM
scattering angle and LAB speed.

3.3.7 Refined Inversion Analysis

The simple inversion analysis considered in Section 3.3.5 can be extended in an at-

tempt to account for the distribution of product CM speeds in polyatomic reactions,

by using the speed-dependent translational anisotropy, β(v), to estimate the internal

energy of the reaction co-product [151, 152]. Using Equation 3.23 and the definition

of β(v) given in Equation 3.26, the speed-dependent translational anisotropy may

be written as

β(v) = β0〈P2(cos θv)〉
' β0P2(cos θi

v), (3.31)

where θi
v is the value of θv estimated assuming a single reaction product speed, w.

Rearrangement of Equation 3.31 allows θi
v to be estimated as a function of LAB
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speed, v, from the speed-dependent translational anisotropy distribution using

cos θi
v =

(
2β(v) + β0

3β0

)1/2

. (3.32)

Since all the reactant speeds are known, this then allows the product CM speed,

w (and hence the fractional kinetic energy release), to be determined as a function

of v using Equation 3.22. Once all the relevant reactant and product speeds are

known, the CM scattering angle corresponding to a particular LAB speed can be

determined using Equation 3.21.

It must be emphasized, however, that the simplifying approximation in Equa-

tion 3.31 is that the CM recoil velocity of the products is fixed. A unique value of θv,

that is, θi
v, and hence the CM product speed w and scattering angle θ, can therefore

only be obtained from Equation 3.31 if the kinetic energy release distribution is a

delta function. The implications of this approximation are further discussed, with

reference to the Cl + C2H6 reaction, in Chapter 4.

3.3.8 Kinematic Constraints

For an experiment in which the product velocity distribution is measured in the LAB

frame and where the analysis aims to relate this to the product velocity distribution

in the CM frame, it is first useful to examine the expected sensitivity of the former

observable to the latter. This has been discussed in detail by Shafer et al. [95] and

only a brief overview is given here.

The speed of the AB product in the LAB frame, v, falls in the range

|vCM − w| ≤ v ≤ |vCM + w|, (3.33)

where |vCM − w| and |vCM + w| are the LAB frame speeds of products which are

backward and forward scattered in the CM frame, respectively. Experiments to

determine the CM angular scattering distribution by measuring the product LAB

frame speed distribution will thus be most sensitive when the range described by
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Figure 3.4: Newton diagrams illustrating the three limiting cases for the reaction
kinematics. In the ideal case, (a), w is comparable in magnitude to vCM so that
the range of values taken by the product LAB velocity, v, is maximised and there is
thus the greatest sensitivity to the scattering angle. In (b) vCM dominates v, and the
difference in magnitude of v for forward and backwards scattering is small. In (c) w
is very much larger than vCM and the range of values taken by v is therefore again
very small.

Equation 3.33 is maximised. Three limiting cases for the relative magnitudes of

vCM and w are shown in Figure 3.4. If w is much smaller than vCM, the differ-

ence in v between forward and backward scattered products will be very small and

little about the angular scattering can be deduced from the distribution of v. Simi-

larly, if v is dominated by w, the range of product speeds will be very limited and

the only dynamically significant component to the product velocity is the angular

anisotropy. For photon-initiated reactions this angular anisotropy is limited by the

angular anisotropy of the reactant A, and only the zero and second order moments

of the angular scattering distribution can therefore be determined. The widest range

of values of v, and therefore the greatest sensitivity of the distribution of v to the

CM scattering angle, is taken when w and vCM are comparable in magnitude.

In the case of a triatomic system, in which the products are detected quantum

state selectively, w is known precisely and the experimental sensitivity to the scat-
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tering distribution can be predicted confidently. In the polyatomic case, however,

where the co-product is formed in a range of internal states and w can therefore take

a range of values, it is more difficult to predict the experimental sensitivity. The Cl

+ CH4 (CH3D and CD4), Cl + C2H6 and Cl + n-C4H10 reactions described in this

thesis are all light atom transfer reactions with low exothermicities, for which the

maximum product CM speed, wmax, is ∼ vCM. The lowest and highest attainable

LAB speeds are therefore roughly zero and k respectively. Thus, in the limit of zero

internal excitation of the alkyl co-product, the kinematics are close to ideal for all of

the reactions and the product LAB speeds are sensitive to the CM scattering angle.

3.4 Legendre Moment Fitting Analysis for

Photon-Initiated Reactions

A new Legendre moment fitting analysis was developed [169] in order to avoid the

problems associated with reconstruction of the 3D scattering distribution outlined

in Section 3.2, and to allow for a distribution of product CM velocities arising from

population of different quantum states in the reaction co-product. The methodology

closely follows that developed to fit the Doppler-resolved laser induced fluorescence

profiles of the products generated in photon-initiated reactions [94, 97, 99–106] and

relies on fitting Legendre moments of the image with a set of suitably chosen ba-

sis functions. The general approach has recently been demonstrated by Brouard

and co-workers, by applying a similar moment analysis to that used here for re-

actions to photofragment ion images [124, 141, 161, 170, 171]. The method has also

been illustrated and tested using simulated ion images of reaction products (see

Section 3.4.8) [106, 161].

The aim of the analysis is to extract the joint probability density function P (θ, w)

for reaction products scattered at angle θ with speed w in the CM frame from the

experimentally determined velocity-map ion images. The methodology involves (i)

extraction of low order Legendre moments from the images; (ii) construction of a
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basis function set by simulating image Legendre moments over the full range of pos-

sible CM scattering angles and speeds; (iii) a fit of the basis set to the experimental

image Legendre moments to determine the moments of the P (θ, w) distribution;

and, (iv) error analysis and estimation of the confidence limits.

The Legendre moment analysis is described in this Section with reference to the

generalised polyatomic reaction scheme represented by

AX + hν GGGGAA + X

A + BCD GGGGAAB(v′, j′) + CD(v′′, j′′) (3.34)

where the AB(v′,j′) products are detected quantum state selectively and the

CD(v′′,j′′) products are born in a range of internal states.

3.4.1 Angular Scattering and Kinetic Energy Release

Distributions

The CM joint probability density function is defined as

P (θ, w) ≡ 2π

σr

d2σr

dω dw
, (3.35)

where σr is the reaction cross-section, w is the product CM speed and ω represents

the polar scattering angles θ and φ. Replacing w by the fraction of the available

energy channelled into product translation, ft [101, 103–105, 172], gives

P (θ, w) ≡ P (θ, ft)

∣∣∣∣
dft

dw

∣∣∣∣ , (3.36)

with ∣∣∣∣
dft

dw

∣∣∣∣ = M
mAB

mCD

w

E ′
t,max

, (3.37)
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where E ′
t,max, the maximum possible kinetic energy release, is given by

E ′
t,max = −∆rH

◦−
0 + Et + EBCD − EAB. (3.38)

In these equations mi is the mass of moiety i, M = mA +mBCD = mAB +mCD, Et is

the collision energy, and EBCD and EAB are the average internal energy of the BCD

reactant (taken to be zero) and the fixed internal energy of the probed AB quantum

state respectively. Defining the rescaled parameter, f ′t, as

f ′t = (2ft − 1), (3.39)

to ensure orthonormality of the Legendre moments of the P (ft) distribution, the

joint CM distribution may be expressed as a double expansion of Legendre polyno-

mials

P (θ, w) =
1

4

∑
n,m

anmPn(cos θ)Pm(f ′t)

∣∣∣∣
df ′t
dw

∣∣∣∣ , (3.40)

where Pi( · · · ) is the ith order Legendre polynomial and the moments of the CM

distribution are assumed to be independent of the comparatively narrow spread of

reactant relative speeds, k. Integration of Equations 3.35 and 3.40 over the speed, w,

and the fractional kinetic energy release, f ′t, respectively, produces the CM angular

scattering distribution, i.e., the differential cross-section (DCS),

1

σ

dσ

d cos θ
≡ P (θ) =

1

2

∑
n

an0Pn(cos θ), (3.41)

whereas integration over the scattering angle, θ, produces the CM speed distribution,

or equivalently, the kinetic energy release distribution,

P (ft) =
∑
m

a0mPm(f ′t). (3.42)

For a reaction initiated by linearly polarised photolysis radiation, the corre-

sponding LAB frame velocity distribution takes a particularly simple form. The
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LAB frame is defined with the z axis parallel to the photolysis polarisation vector,

εp, and the x axis along the photolysis propagation vector. Note that the photolysis

propagation and electric vectors both lie in the plane of the detector (i.e., the xz

plane) for all of the reaction systems studied in this thesis. It has been shown [93–97]

that integration of the joint CM scattering distribution of Equation 3.40 over the

reagent and precursor velocities leads to the LAB velocity distribution

P (v, Θv) =
∑

L

BL(v)PL(cos Θv) (3.43)

with L = 0 and 2, and where Θv is the angle between the photolysis polarisation

vector, εp, and the AB LAB velocity vector, v. Explicit expressions for BL(v),

which are proportional to the bipolar moments bL
0 (L, 0; v) averaged over all reagent

velocities, have been presented previously in the context of Doppler profile analy-

sis [94, 97]. B0(v) ≡ P (v) is the product LAB speed distribution and the LAB frame

speed-dependent translational anisotropy is β(v) = B2(v)/B0(v) (cf. Equation 3.24

of the inversion analysis in Section 3.3, where the reagent and precursor velocities

were not taken into account).

Since the measured images are simply 2D projections of the LAB frame scattering

distribution, analytical expressions for the images, I(vp, φ), may be obtained by

integration of Equation 3.43 over vy, the velocity component along the time-of-flight

axis. This yields the expression

I(vp, φ) =
∑

L

ML(vp)PL(cos φ), (3.44)

where vp and φ are the radial and angular coordinates of the image, respectively,

and the non-zero moments, ML(vp), are given by

M0(vp) =

∫ ∞

0

[
2B0(v) +

(
v2

p

v2
− 1

)
B2(v)

] (
v2

v2 − v2
p

)1/2

dv (3.45)
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and

M2(vp) = 2

∫ ∞

0

(
v2

p

v2

)
B2(v)

(
v2

v2 − v2
p

)1/2

dv. (3.46)

Note that Equation 3.44 can be used to simulate images for known CM angular

scattering and kinetic energy release distributions. In the present approach, however,

Equations 3.45 and 3.46 are used to generate sets of basis functions, bL(n,m; vp) that

are then fitted to the experimental data.

3.4.2 Experimental Legendre Moments

The experimentally derived Legendre moments, ML(vp), can be extracted from

the experimental images, I( · · · ), by integration over the angular coordinate of the

image, φ:

ML(vp) =
1

2

∫ 1

−1

I(vx, vz)(2L + 1)PL(cos φ)vp d cos φ (3.47)

where I(vp, φ) ≡ I(vx, vz)vp, and vx and vz are the appropriate projections of the

LAB velocity in the image plane (proportional to the pixel coordinates of the image).

Recall that in the experiments described in this thesis the only non-zero moments

of the images are those with L = 0 and 2. The advantage of using moments of the

image is that, while they contain the same information as the complete image, the

reduction in dimensionality means that they can be fitted much more efficiently.

Image Centring

In order to evaluate the integral in Equation 3.47 and to extract the Legendre

moments accurately, it is imperative to determine the centre of the experimental

image precisely. Centring of the images was achieved in practice by fitting projec-

tions along vx and vz of the experimental image, I(vx, vz), with functions similar in

form to simple harmonic oscillator wavefunctions. The centre thereby determined

was then systematically checked, and if necessary, adjusted, by comparison of the

left and right, and top and bottom, portions of the image. The accuracy of the

algorithms used to carry out these procedures was extensively tested using both
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simulated images and experimental images of photolysis products.

Moment Smoothing of Images

As was discussed in Section 3.2.1, a common problem encountered when using the

ion counting method is that the ‘grainy’ quality of the images obtained tends to

preclude use of the inverse Abel transform due to the high levels of centreline noise

that it would generate. A procedure to smooth images without incurring any loss

in resolution was developed [161], which takes advantage of the fact that a velocity-

map ion image may always be expressed as a Legendre (or Fourier [161]) moment

expansion in the angular coordinate of the image. In the case of Legendre moments,

these can be extracted from the image using Equation 3.47 and may then be used to

reconstruct the image using Equation 3.44. An example of this smoothing method

and its effect on the inverse Abel transform is shown in Figure 3.5 for an image of the

Cl(2P1/2) products (detected on the 4p 4D3/2 ← 2P1/2 (2+1) REMPI transition) of

NOCl photolysis at 240.17 nm. There is a marked improvement in the inverse Abel

transformed image following the smoothing procedure, with a significant reduction

in the centreline noise. The reduction of the ‘graininess’ in the moment-smoothed

image relative to the raw image is also reflected in the inverse Abel transforms of the

two images. Although similar results may be achieved using the forward convolution

methods of Vrakking [162] and Reisler and co-workers [163] discussed in Section

3.2.2, the moment smoothing procedure is thought to be simpler to implement.

3.4.3 Legendre Moment Basis Functions

Each basis function of order (n,m), bL(n,m; vp), used in the fitting of the experi-

mental data corresponds to a Legendre moment simulated for a single (n,m) term

in the joint CM scattering distribution given by Equation 3.40. A Monte Carlo

integration of the relevant terms in the CM scattering distribution over the velocity

distributions of the precursor and reactant molecules, the velocity distribution of the

reactive photofragment and, where necessary, the excitation function (the collision
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(a) (b)

(c) (d)

Figure 3.5: Moment smoothing: (a) raw image; (b) inverse Abel transform of the
raw image in (a); (c) Moment smoothed image; and, (d) inverse Abel transform of
the smoothed image in (c).

energy dependence of the reaction cross-section) for the reaction, σr(Et), is used to

simulate the BL(v) Legendre moments of the product LAB velocity distribution (see

Equation 3.43). The basis functions, which are effectively the Legendre moments of

the projection along vy of this simulated LAB velocity distribution (i.e., the Legendre

moments of the image one would obtain from the simulated LAB velocity distribu-

tion), are then evaluated from the BL(v) Legendre moments using Equations 3.45

and 3.46. The forms of these functions are illustrated in Figure 3.6. For the Monte

Carlo sampling to be performed correctly, it is important that sufficient iterations

are used for the resulting basis functions to be converged (i.e., the magnitude and

functional form of the basis functions are invariant when the number of iterations

used in the sampling procedure is increased). In practice, around 109 iterations are

required for each low order basis function. If higher order polynomials in either the
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Figure 3.6: Top: low order b0(n,m; vp) (—) and b2(n,m; vp) ( - - -) basis functions
(left) and the corresponding cos θ and f ′t Legendre polynomials used in their generation
(right). Bottom: fitted moments and the returned P (cos θ) and P (ft) distributions
are shown in the bottom panels.
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P (cos θ) or P (ft) distributions are required to fit the data, however, the number of

iterations needed to converge the corresponding basis functions may be significantly

higher.

3.4.4 Constraints on the Fits

Certain constraints exist both on the values of the coefficients of the expansion of

the joint CM scattering distribution given in Equation 3.40, and on the distribution

itself [173]. Since the joint CM scattering distribution is a probability density func-

tion, it cannot take negative values and the constraints placed on the distribution

thus arise on purely physical grounds:

1

4

∑
n,m

anmPn(cos θ)Pm(f ′t)

∣∣∣∣
df ′t
dw

∣∣∣∣ ≥ 0 (3.48)

for all θ and ft. The limits on the expansion coefficients may be evaluated directly,

by consideration of the polynomials used in the expansion. By expression of a

probability density function, f(x), as a sum of orthonormal polynomials, φn(x),

f(x) =
∑

n

cnφn(x), (3.49)

each coefficient, cn, of the expansion may be determined using

cn =

∫
φn(x)f(x) dx. (3.50)

If f(x) is a delta function where φn(x) takes either its maximum or minimum value,

cn will be equal to that value of φn(x). The limits on the expansion coefficients of

the CM scattering distribution are therefore equal to the maximum and minimum

values of the corresponding Legendre polynomials.
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3.4.5 Separability

The joint CM scattering distribution expresses the probability of the product being

scattered at a particular CM speed w (or with fractional kinetic energy release,

ft) and angle θ. Experimentally, the interdependence of P (ft) and P (θ) may not

always be detectable, and in these cases the joint CM scattering distribution given

by Equation 3.40 may be written in the separable form:

P (θ, ft) = P (θ)P (ft)

=
1

4

[∑
n

anPn(cos θ)

][∑
m

dmPm(f ′t)

]
. (3.51)

By separating the two distributions in this way, the total number of coefficients that

needs to be determined from the fitting routine is reduced from n × m to n + m,

and the complexity of the analysis simplified accordingly. For each of the Cl +

CH4/CH3D/CD4, Cl + C2H6 and Cl + n-C4H10 reactions described in this thesis, it

was found that satisfactory fits to the data could be obtained assuming the separable

form of the joint CM scattering distribution.

3.4.6 Fitting of the Image Moments

The coefficients of the joint CM scattering distribution, anm (or andm for a separable

distribution), are obtained by simultaneously fitting the basis functions, bL(n,m; vp),

to both experimental image moments, M0(vp) and M2(vp). The process involves

minimisation of the χ2 function

χ2 =
∑

L=0,2

N∑
i=1

[
ML(vi

p)−ML(vi
p)

]2

, (3.52)

where

ML(vi
p) =

∑
n,m

anmbL(n,m; vi
p) (3.53)
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and N is the number of data points in the experimental image moments [103–105].

For the fit to be meaningful, the number of anm coefficients that may be determined

is limited by the number of points in the experimental image moments, n×m ≤ N .

For the systems studied in this thesis, the maximum number of Legendre polynomials

in either the angular scattering or kinetic energy release distributions was generally

restricted to five. This aspect of the fitting depends heavily on the data being fitted,

however, and is discussed more fully in Chapters 4, 5 and 6.

The minimisation of χ2 was achieved using a genetic algorithm routine [174].1

This routine involves first randomly sampling sets of trial fitting coefficients and then

evaluating χ2 for each set. The coefficients in each set are chosen such that they lie

within their physical limits (see Section 3.4.4). The set with the lowest value of χ2

is retained. The sets are then sorted in order of increasing χ2 and systematically

modified using a ‘cross-over’ operator. The effect of the ‘cross-over’ operator is to

combine the coefficients in two chosen sets to produce two new, different sets. At

this stage a small number of the coefficients in the new sets are randomly selected

and replaced by randomly sampled coefficients, in order to avoid stagnation of the

fitting procedure. The χ2 values for this next generation of sets are once again

evaluated and the procedure is repeated until a specified number of iterations have

been completed, or the value of χ2 drops below some chosen threshold value.

There are two principal advantages of the genetic algorithm over other min-

imisation routines. The first is that the topography of the coefficient space is well

sampled, with the result that convergence to false minima, which is a common prob-

lem with steepest-descent methods, is unlikely. The second advantage is that it is

relatively straightforward to impose constraints on the returned distributions. For

most other non-linear fitting algorithms, constraints of this type are non-trivial to

impose on the coefficients directly. To prevent the returned joint CM scattering

1The genetic algorithm derives its name by analogy to biological systems, with the sets of
coefficients equivalent to chromosomes, the position of the coefficient within a set equivalent to a
gene and the value taken by the coefficient equivalent to an allele. The ‘cross-over’ operator may
be compared to mating of chromosomes, while the randomised alteration of coefficients within sets
corresponds to biological mutation of alleles.
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distribution, P (θ, ft), from becoming negative at any point (see Section 3.4.4), the

χ2 value evaluated for each set of coefficients is penalised [103–105] according to the

equation

χ2
tot = χ2 + χ2

pen, (3.54)

where

χ2
pen =

∫∫

P (θ,ft)<0

∣∣P (θ, ft)
∣∣2 d cos θ dft, (3.55)

and the integral in Equation 3.55 only applies in the regions for which P (θ, ft) is

negative.

It should be noted, however, that using the genetic algorithm to perform fits to

the data is computationally expensive. This is because it is necessary to evaluate χ2

for each set of coefficients on every iteration, and large numbers of sets of coefficients

and iterations are frequently required.

3.4.7 Error Analysis

A detailed error analysis employing a ‘brute force’ Monte Carlo procedure [159] was

performed in order to determine the error limits on the CM angular scattering and

kinetic energy release distributions returned from the fits [101, 103–105]. Within

this error analysis procedure, sets of coefficients were chosen at random and the

χ2 value for each calculated. Those sets of coefficients which yielded χ2 values

below a predetermined threshold were then used to generate the corresponding CM

scattering distributions, a large ensemble of which were used to provide the error

limits for the distributions obtained from the best fit. The threshold value for χ2 was

chosen such that the distribution of fits encompassed the noise in the experimental

data. An example set of fits to experimental image moments is given in Figure 3.7.
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Figure 3.7: Error analysis for the HCl(v′ = 0,j′ = 0) products of the reaction of
chlorine with ethane. The distribution of acceptable fits is shown in the top panel.
The CM angular scattering and kinetic energy release distributions returned by the
best fit (—), along with the error limit envelopes determined from the error analysis
( - - -), are shown in the bottom panels.

3.4.8 Image Simulation and Fitting: The H + D2 Reaction

In order to test the sensitivity of the Legendre moment fitting methodology, images

were simulated for the HD(v′,j′) products of the H + D2 reaction [161].2 The

simulations were based on differential cross-sections derived from quantum scattering

calculations carried out by Aoiz, Bañares and Castillo [176] at a collision energy of

1.49 eV. The model differential cross-sections were used as an input to a Monte Carlo

simulation of BL(v) in Equation 3.43, using the equations developed in Ref. [97]

2In practice, the HD(v′,j′) products could be detected quantum state selectively using the
E,F 1Σ+

g ← X 1Σ+
g (2+1) REMPI transitions at around 210 nm [175].
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and assuming a molecular beam temperature of 10 K. Equation 3.43 was then

used to construct the 3D LAB frame scattering distribution, from which simulated

2D velocity-map ion images were obtained by numerical integration over vy, the

velocity component along the time-of-flight axis. This approach was taken instead

of using the calculated BL(v) functions in conjunction with Equations 3.45 and 3.46

to generate the image moments directly, in order for the methods used in generating

the simulated images and in performing the analysis to be independent. In this way,

fitting of the simulated data thus provided a stringent test of the performance of

the Legendre moment analysis method. Random noise was added to the images to

assess the effect it has on the CM scattering distributions returned from the fit.

With quantum state resolved ‘detection’ of the molecular products of the tri-

atomic H + D2 reaction, the CM speed of the HD(v′,j′) products had a single, well-

defined value. The fixed collision energy used in the simulations therefore meant

that the product LAB speed and the CM scattering angle were simply related by

the law of cosines (see Sections 3.3.3 and 3.3.5). Fluctuations in the image intensity

along the radial coordinate of the image thus directly reflect oscillations in the CM

angular scattering distribution.

For comparison, simulations were performed for the HD(v′ = 0,j′ = 0) and

HD(v′ = 0,j′ = 9) products, chosen for the markedly different CM angular scatter-

ing distributions associated with each product rotational state. Images, Legendre

moments, the input CM angular scattering distributions and the CM angular scat-

tering distributions returned from the fitting procedure are shown in Figure 3.8.

The peaks in the CM angular scattering distributions are clearly visible as separate

rings in the corresponding images. The simulations and the fits to the Legendre mo-

ments obtained from them demonstrate that using the Legendre moment analysis it

is possible to extract even fairly complicated structure in the CM angular scattering

distribution from velocity-map ion images with a high degree of accuracy. The high

angular resolution obtainable using this method is illustrated by the sensitivity to

the very sharp forward and backward peaks in the j′ = 0 CM angular scattering
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Figure 3.8: Top: simulated images for the HD(v′ = 0,j′ = 0) (left) and HD(v′ =
0,j′ = 9) (right) product quantum states of the H + D2 reaction at a collision
energy of 1.49 eV. Middle: the corresponding Legendre moments (grey lines) and fits
(black lines). Bottom: the input CM angular scattering distributions from quantum
scattering theory (grey lines), and the functions returned from the Legendre moment
analysis (black lines).
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distribution. The moment fitting method is also seen to be robust to added noise on

the simulated data, with the returned CM angular scattering distribution faithfully

reproducing the input data for even very grainy images.



Chapter 4

The Dynamics of the Cl + C2H6 Reaction

at 0.24 eV

4.1 Introduction

The hydrogen atom abstraction reaction of atomic chlorine with ethane1

Cl + C2H6 GGGGA HCl(v′, j′) + C2H5 ∆rH
◦−
0 = −11.6± 2.1 kJ mol−1 (4.1)

lends itself as a test system for velocity-map ion imaging of reactions using the pho-

toloc technique for a variety of reasons: (i) the reactive cross-section is relatively

large, so that the probability of reaction, and therefore production of detectable

products, is high; (ii) the dynamics of the reaction have been reasonably well in-

vestigated previously using a range of experimental techniques; and, (iii) few rovi-

brational quantum states of the HCl products are populated. Two direct results of

this final point are that few quantum state resolved measurements are required to

fully characterise the reaction and that signal levels in these measurements should

be high.

With the aim of preparing for the discussion and comparisons of the current

results with earlier work, an overview of the previous experimental and theoretical

1Enthalpy of reaction calculated using D0
0(H–Cl) = 427.64 ± 0.02 kJ mol−1 [177, 178] and D0

0(H–
C2H5) = 416.0 ± 2.1 kJmol−1 [179].

97
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studies carried out on the Cl + C2H6 reaction is provided in the following Section.

4.2 Previous Work on the Cl + C2H6 Reaction

4.2.1 Kinetics Studies

The reaction of atomic chlorine with ethane has long been used as a reference reac-

tion in kinetic studies of reactions of chlorine with larger hydrocarbons [180–184].

A great deal of effort has therefore been made to determine accurate values for the

rate coefficients for this reaction. Work carried out to date spans the wide temper-

ature range of 203−1400 K and has utilised a variety of both direct and indirect

techniques. Direct methods for the measurement of the absolute rate constant in-

clude microwave discharge photolysis of Cl2 in a helium flow coupled with resonance

fluorescence detection of the Cl atoms at around 134 nm and pulsed laser photol-

ysis of chlorinated precursors (e.g. Cl2 at 308 nm, and HCl or CF2Cl2 at 193 nm)

followed either by infrared absorption of the HCl products or by vacuum ultraviolet

laser-induced fluorescence of the Cl atoms. The results of these studies and those

determined using relative rate methods are in general agreement with one another

(see, for example, Refs. [185–194]). Recent reviews of the data recommend the value

of the absolute rate coefficient, k, to be (5.7–5.9) × 10−11 cm3 molecule−1 s−1 at

298 K [195–197]. The rate constant exhibits a positive temperature dependence,

displaying significant non-Arrhenius behaviour at high temperatures. Even greater

deviation from Arrhenius behaviour has been seen in the Cl + CH4 reaction at high

temperatures. Factors proposed to account for this include quantum mechanical

tunnelling [198, 199], and the population and enhanced reactivity of either spin-

orbit excited Cl atoms [200], or vibrationally excited methane molecules [198]. All

of these factors could also be relevant in the Cl + C2H6 reaction, although, due to

the low activation barrier in this reaction, the effect of spin-orbit excited Cl(2P1/2)

atoms is not thought to be significant [190]. Very recently Bryukov et al. [193]

combined new experimental rate constants for the reaction of chlorine with ethane,
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measured using the discharge flow/resonance fluorescence technique over the tem-

perature range 299–1002 K, with those determined in earlier studies. They achieved

a good fit to the resulting data set using the modified Arrhenius expression

k = (7.3× 10−13) T 0.7 e+117/T cm3 molecule−1 s−1 (203–1400K). (4.2)

At temperatures below 600 K, however, the experimental data are well reproduced

by the simple Arrhenius expression, k = A e−Ea/RT , with a pre-exponential factor,

A = (8.3 ± 1.2) × 10−11 cm3 molecule−1 s−1, and an activation energy of Ea/R =

100 (±100) K [195].

Transition-state theory kinetics calculations, which include the zero-curvature

approximation for tunnelling and use the zero-order interpolation (IVTST-0) ap-

proach [201] have been performed by Roberto-Neto and Machado [202]. More re-

cently, Fernández-Ramos et al. [203] have calculated an ab initio potential energy

surface at the Møller–Plesset second-order perturbation level with the augmented

correlation-consistent double-zeta basis set (MP2/apDZ). Thermal rate constants

were calculated on this surface using microcanonical variational transition-state the-

ory (µVTST) with multi-dimensional corrections for tunnelling. The transition state

was found to be almost linear in both calculations (∠(Cl–H–C) = 175.6–177.2◦, de-

pending on the level of theory employed), in accord with the work of Bottoni and

Poggi [204] and Rudić et al. [130, 205]. The rate constants obtained in both stud-

ies are in good agreement with experimental values at low temperatures, but are

too large at higher temperatures. This is thought to be a result of the neglect of

anharmonicity along the reaction path [203]. Fernández-Ramos et al. report that

tunnelling effects are negligible in the reactivity of the system, in stark disagreement

with the findings of Roberto-Neto and Machado, who state that tunnelling effects

are important. This difference is claimed by Fernández-Ramos et al. to originate

from the different potential energy surfaces and the level of the calculations em-

ployed in the two studies: Fernández-Ramos et al. performed high-level dynamics

calculations on a high-level ab initio potential energy surface, whereas Roberto-Neto
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and Machado used dual-level dynamics on a lower level surface that has a higher, but

narrower barrier. This higher reaction barrier leads to a localised transition state,

in contradiction to the ‘loose’ transition state suggested from previous experimental

work [151, 206] and the broader barrier determined by Fernández-Ramos et al.

4.2.2 Dynamical Studies

Product Rotational Population Distributions

Zare and co-workers measured the nascent rotational population distribution of

HCl(v′ = 0) using REMPI coupled with linear time-of-flight (TOF) mass spec-

trometry [151]. A mixture of Cl2 and ethane seeded in helium was co-expanded in

a pulsed molecular beam. Reaction was initiated by photolysis of Cl2 using 355 nm

laser radiation to produce monoenergetic Cl(2P3/2) atoms and to provide a well-

defined collision energy of 0.24± 0.03 eV. The HCl(v′ = 0) products were allowed

to accumulate for 50–100 ns before detection via (2+1) REMPI at around 240 nm.

Empirical linestrength factors derived from spectra of thermal HCl were then used

to obtain the product HCl rotational population distribution shown in Figure 4.1.

HCl(v′ = 0,j′) was seen to be produced rotationally very cold, with the j′ = 1

state maximally populated. HCl products formed in v′ = 1 were also observed in

these experiments due to the collision energy spread, but it was estimated that these

constituted only ∼ 0.3% of the total [151].

The results of a later study at the same collision energy by Orr-Ewing and

co-workers are also shown in Figure 4.1 [207]. They also employed REMPI-TOF

detection of the HCl products, but introduced the Cl2 and ethane through separate

nozzles in order to limit the production of background HCl. The molecular beam

produced in this way was cooled only modestly to ∼ 200 K, compared to the 15 K re-

ported by Zare and co-workers; this gave a broader collision energy distribution and

is believed to be the origin of the slightly hotter HCl product rotational distribution

observed.
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Figure 4.1: A comparison of the experimental nascent rotational quantum state
population distributions for HCl(v′ = 0,j′) from the reaction of Cl with C2H6 obtained
by Zare and co-workers ( - - ◦ - -) [151] and by Orr-Ewing and co-workers ( - - • - -)
[207]. The error bars represent 1σ confidence limits; the distributions have been
normalised in the j′ range shown.

Angular Scattering Distributions

In addition to measuring the HCl(v′ = 0) nascent product rotational population

distribution, Zare and co-workers also obtained rotational state-specific CM angular

scattering distributions for HCl(v′ = 0,j′ = 1, 3, 6 and 8) [151]. In these experi-

ments, the Wiley–McLaren mass spectrometer used for REMPI-TOF detection was

modified to operate under space-focusing and velocity-sensitive conditions, and a

mask was placed in front of the detector to effect core-extraction [110] of the 3D

product velocity distribution. The time-of-flight profiles obtained using this method

were analysed on the assumption that there is zero internal excitation of the ethyl co-

product. This assumption was supported by measurements of the speed-dependent

translational anisotropy parameter, β(v), which suggested that on average the ethyl

radicals were born internally cold (200± 120 cm−1 of internal energy in the C2H5
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moiety) [151]. Broad sideways scattering was observed for the HCl products formed

in low rotational states, whilst the more rotationally excited HCl products were seen

to be predominantly backward scattered. These results were rationalised using the

line-of-centres model (see, for example, Ref. [2]) combined with the hard-sphere rela-

tionship between impact parameter and scattering angle. The resulting qualitative

model predicts a CM angular scattering distribution that is constant between the

angles cos θ = −1 (back-scattering) and a maximal scattering projection, cos θmax,

which depends on the reagent translational energy [208]. For the Cl + ethane reac-

tion, the maximum scattering angle was calculated to be cos θmax = 0.93, consistent

with the nearly isotropic scattering observed [151]. Note that a more sophisticated

model that includes a dependence of the barrier on Cl–H–C transition state angle,

as presented by Smith [209], would provide a more realistic CM angular scattering

distribution than this step-function.

In a very similar experiment, Zare and co-workers probed the LAB velocity

distribution of the ethyl products non-state-selectively using multi-photon ionisation

at 242 nm [206]. The data obtained from this experiment were analysed using the

speed-dependent translational anisotropy parameter, β(v), to estimate the centre-

of-mass speed (and therefore the internal excitation) of the ethyl fragment. The CM

angular scattering distribution obtained in this way is consistent with those derived

from the state-resolved HCl experiments when the latter are reanalysed using the

same procedure.

The reaction of atomic chlorine with perdeuterated ethane, C2D6, has been stud-

ied at a collision energy of 0.25 eV by Zare and co-workers [151, 210]. The reaction

is very nearly thermoneutral, with ∆rH
◦− = −1.05 kJ mol−1 [211]. DCl(v′ = 0,j′)

products were detected using core-extraction REMPI-TOF [110] and were observed

to be formed in higher rotational states than the HCl produced in the analogous

Cl + C2H6 reaction, though the average rotational energy was found to be very

similar for the two cases.2 The CM angular scattering distributions obtained for

2The rotational constants of the two molecules are very different: Be(H–Cl) = 10.59 cm−1,
whereas Be(D–Cl) = 5.45 cm−1 [127].
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the DCl products of the Cl + C2D6 reaction were seen to be very similar to those

obtained for HCl from Cl + C2H6 and also followed the trend of increasing back-

ward scattering with increasing rotational excitation [151]. Stationary target frame

polarisation-dependent moments of the differential cross-section were also obtained

for DCl(v′ = 0,j′ = 1) products [210, 212]. These measurements indicated that the

DCl rotational angular momentum vector, JDCl, was aligned in the plane perpendic-

ular to the line of centres for scattering in the sideways and backwards directions,

while for scattering in the forward direction JDCl was aligned in the plane per-

pendicular to an axis between the line of centres and the relative velocity vector.

Assuming that the DCl rotational angular momentum alignment arises purely from

motion during the transfer of the D atom, these measurements are consistent with

the reaction proceeding through an early transition state [210]. The data were anal-

ysed assuming that no energy is deposited in internal modes of the ethyl product,

so that there is an unambiguous relationship between the product LAB speed and

LAB scattering angle. It should be noted, however, that the expressions for the

polarisation parameters determined from this analysis depend strongly on the LAB

scattering angle [212], and therefore the returned values for the polarisation param-

eters are very sensitive to the validity of the assumption made about the energy

disposal [210, 212].

Kitsopoulos and co-workers investigated the reaction of Cl with ethane using a

single, unskimmed molecular beam containing both Cl2 and ethane, and employing

velocity-map ion imaging detection of the HCl(v′ = 0,j′ = 1) products via (2+1)

REMPI [131]. Reaction was initiated using 308 nm laser radiation to give a colli-

sion energy of ∼ 0.36 eV. The product speed distribution and the speed-dependent

translational anisotropy parameter were obtained from the resulting image using the

inverse Abel transform, which returns a ‘slice’ through the 3D scattering distribu-

tion. The CM angular scattering distribution was then determined assuming zero

internal excitation of the ethyl co-fragment. The HCl(v′ = 0,j′ = 1) products were
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observed to be forward scattered.3 The large difference in collision energy (approx-

imately 1.5 times greater), however, precluded a direct comparison with the earlier

results of Zare and co-workers [151, 206].

Despite the considerable experimental effort expended in studying the dynamics

of the reaction of atomic chlorine with ethane, very few theoretical calculations

have been carried out to determine product angular scattering distributions for the

system. In 1998 Xu et al. [213] performed a three-atom quasi-classical trajectory

calculation on a London–Eyring–Polanyi–Sato surface computed for the collinear Cl–

H–C configuration. They obtained CM angular scattering distributions for HCl(v′ =

0,j′ = 1, 3, 6 and 8), all of which are in agreement with the experimental results of

Zare and co-workers [151, 206]. The HCl product rotational population distribution

returned from the calculations was, however, seen to be much hotter than those

determined experimentally. In addition to their kinetics calculations, Fernández-

Ramos et al. [203] also performed quasi-classical trajectory calculations on a reduced

dimensionality (2D, rC−H, rH−Cl) parameterized ab initio potential energy surface

to obtain the HCl relative velocity distribution.4

4.2.3 Summary

The previous work on the Cl + C2H6 reaction at 0.24 eV can be summarised as

follows: (i) ab initio calculations suggest that the transition state of the reaction is

close to linear; (ii) the HCl products are found experimentally to be formed in very

low rotational states of the ground vibrational state, with the rotational population

distribution peaking at j′ = 1; (iii) experimental and theoretical treatments of the

dynamics of the reaction have assumed that the system may be approximated to a

three-body reaction, where internal modes of the ethyl radical are not excited; and,

(iv) within this approximation, the HCl products formed in low rotational levels are

3Inspection of the data does not support this assertion: the products are actually seen to be
strongly sideways scattered.

4The calculated HCl relative velocity distribution was shown to be in good agreement with
experimental data. However, the experimental data presented were product LAB, rather than
CM, velocity distributions [151, 206], and the agreement is entirely fortuitous.
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observed to be broadly sideways scattered, moving to more backwards scattering

with increasing rotational excitation.

4.3 Results

4.3.1 Images and Legendre Moments

Velocity-map ion images and the corresponding zeroth, second and fourth order

Legendre moments are shown in Figure 4.2 for HCl(v′ = 0,j′ = 0, 2 and 6). The

images have been background-subtracted and quadrant-averaged for clarity; the

Legendre moments were obtained from the raw images as described in Chapter 3.

It can be seen clearly in the images, and especially in the zeroth order moments,

that the intensity is shifted towards the centre of the images with increasing HCl

rotational state. This trend is qualitatively consistent with the observations of Zare

and co-workers, who had found previously that higher HCl rotational states were

more backward scattered [151]. It should also be noted that, within the experimental

signal-to-noise ratio of the data, the 4th order Legendre moments are very close to

zero.

4.3.2 Inversion Analyses

When using the photoloc method to investigate reactions with two molecular prod-

ucts, a major issue concerns the ability to extract the full product flux distribution

in both CM speed, w, and scattering angle, θ. As was discussed in Section 4.2.2,

previous studies on the Cl + C2H6 reaction employing the photoloc technique de-

termined CM angular scattering distributions by neglecting the internal excitation

of the co-product entirely [151]; this approach has also been taken for the analy-

sis of data obtained for other Cl + alkane reactions [214–216]. Information about

the kinetic energy release of the reaction is, however, contained in the LAB frame

speed distribution, P (v), and the speed-dependent translational anisotropy, β(v). A

variety of methods have been proposed in order to obtain the CM angular scatter-



The Dynamics of the Cl + C2H6 Reaction at 0.24 eV 106

0 500 1000 1500 2000

v
p
 / ms

{1

M
L
(v

p
)

0 500 1000 1500 2000

v
p
 / ms

{1

M
L
(v

p
)

0 500 1000 1500 2000

v
p
 / ms

{1

M
L
(v

p
)

Figure 4.2: Background subtracted images and Legendre moments of order 0 (—),
2 ( - - -) and 4 ( · · · ) for HCl(v′ = 0,j′ = 0 (top), 2 (middle) and 6 (bottom)).
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ing distribution from the LAB distributions, relying either on inversion of the LAB

speed distribution and speed-dependent translational anisotropy, or on fitting the

experimental data using basis functions that accommodate a distribution of prod-

uct speeds or fractional kinetic energy releases. In this Section, inversion methods

that have previously been used to investigate the Cl + C2H6 reaction are critically

assessed in light of the velocity-map ion imaging data presented in the preceding

Section.

The LAB Frame Speed Distribution

In order to make meaningful comparisons with the previous experimental work of

Zare and co-workers [151, 206], it is essential to establish that there is good agreement

between the raw data presented from the REMPI-TOF core-extraction experiments

and those collected in the present work. In addition, the potentially high molecular

beam density in the current work (. 1016 cm−3, see Section 2.10.5) is approximately

an order of magnitude greater than that used by Zare and co-workers (when esti-

mated in a similar way), and so such a comparison of the raw data is also useful in

determining that the HCl products are detected under single collision conditions in

both experiments.

The most direct comparison between the two studies that can be made is with the

derived LAB frame speed distributions. In Figure 4.3, the HCl(v′ = 0,j′ = 1) LAB

speed distributions, P (v), and LAB speed-dependent translational anisotropies,

β(v), obtained from the two experiments are compared. The distributions from

the current experiments were extracted by inverse Abel transformation of the back-

ground subtracted images followed by appropriate integration of the resulting ‘slice’

through the 3D velocity distribution. The very good agreement between the two sets

of experimental results supports the view that both experiments probe nascent HCl

products and that the potentially high molecular beam density in the current study

does not adversely affect the quality of the ion images recorded. It also suggests that

the ion imaging data are not significantly perturbed by fly-out of Cl reactants or
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Figure 4.3: (a) The LAB speed distribution and (b) the speed-dependent transla-
tional anisotropy parameter, β(v), obtained in the present study by direct inverse Abel
transformation of the ion images ( — in (a) and ¥ in (b)), and in the REMPI-TOF
core-extraction data of Zare and co-workers ( - - ◦ - -) [151]. Both sets of data are for
HCl(v′ = 0,j′ = 1).
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HCl products from the probe region during the delay between photolysis and probe

laser pulses. In the present study, fly-out would occur preferentially perpendicular to

the photolysis laser propagation direction. This would be manifested as a decreased

intensity in the ion image away from the laser propagation direction and would thus

lead to a distortion of the LAB angular distribution obtained. A further indication

that the ion imaging data are not notably affected by fly-out comes from the fact

that the 4th and higher order Legendre moments of the image are zero within exper-

imental precision, which is consistent with Equations 3.43 and 3.44 used to describe

reactive scattering and the associated Legendre moments.

These considerations, together with the Cl ion images discussed in Section 2.10.2,

and the direct comparison with previous work by Zare and co-workers, confirm that

the data from the ion imaging experiments truly reflect the nascent HCl LAB frame

velocity distribution, and that secondary collisions involving either the Cl atom

reactants or the HCl products are of minor importance.

Simple Inversion Analysis

This analysis assumes that the ethyl radical is formed with zero internal energy. In

this limit the CM angular scattering distribution is returned by direct transformation

of the LAB speed distribution obtained by Abel-inversion using Equation 3.28 (see

Chapter 3). The transformed image data are shown, along with analogous results

from the HCl REMPI-TOF core-extraction experiments of Zare and co-workers [151],

in Figure 4.4. The agreement between the two studies is excellent, as would be ex-

pected from the nearly identical LAB speed distributions. Also shown in Figure 4.4

are the CM angular scattering distributions obtained from a fit to only the zeroth

Legendre moment extracted from the images. The fit was performed using the basis

function method (see Chapter 3), where the basis functions in CM scattering angle

were generated assuming no energy is deposited into internal modes in the ethyl

co-product. To allow full comparison with the inversion results, the instrument

resolution function was omitted from the basis functions and a reduced molecular
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Figure 4.4: Comparison between the CM angular scattering distributions for HCl
(v′ = 0,j′ = 1, 3 and 6) obtained assuming the ethyl co-products are born internally
cold. The present results of inverse Abel transformation are shown as fine lines.
Dashed lines with open points are the results of Zare and co-workers [151]. Dark lines
are the result of fits to the zeroth Legendre moments, with basis functions generated
assuming that ft = 1. The basis functions used in this latter case also take no
account of the finite speed resolution of the experiment, and the finite molecular
beam temperature.
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Figure 4.5: Comparison between the CM angular scattering distribution obtained
using the refined inversion method (—) and that obtained previously by Zare and
co-workers [151, 206] ( - - ◦ - -).

beam temperature of 10 K was employed. The results of the fits with these basis

functions are again very similar to previous work [151], and to the results obtained

from the inversion method. These comparisons therefore serve both to validate the

raw ion imaging data, and to preclude errors in the basis function generation and

fitting procedures.

Refined Inversion Analysis

As discussed in Chapter 3, the simple inversion analysis used in Section 4.3.2 may

be refined by using the speed dependence of the translational anisotropy, β(v),

to estimate the HCl CM recoil speed, w [151, 206]. The CM angular scattering

distribution obtained using this method is compared with the HCl(v′ = 0,j′ = 1)

data from Ref. [206] in Figure 4.5. This analysis yields very similar CM angular

scattering distributions to those obtained assuming that the ethyl radical is formed

internally cold, even though on average the method predicts a significant internal
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Figure 4.6: Comparison between the internal excitation of the ethyl co-products
derived from the refined inversion method (—) and that obtained previously by Zare
and co-workers ( - - -). The latter data are taken from Figure 8(b) of Ref. [151], but
are plotted here as a function of cos θ.

excitation in the ethyl co-products of ∼ 500 cm−1 (see Figure 4.6).

There are, however, inherent problems with this inversion method, as illustrated

in Figure 4.7. Products travelling at the highest LAB speed, vmax, must correspond

to those in the CM frame that are scattered forwards with the highest possible CM

kinetic energy release (see Figure 4.7(a)). These products are necessarily accompa-

nied by co-products with low internal excitation and possess a β(v) parameter close

to the limiting value of −1.0, determined by the anisotropy of the Cl2 precursor

photolysis (see Figure 4.3(b)). Products formed with slightly lower LAB speeds,

however, can be associated with either those formed with slightly lower CM kinetic

energy release (and therefore more internally excited co-products), or those scattered

at angles away from the forward direction, as illustrated in Figure 4.7(b). Within

the present analysis procedure the kinetic energy release distribution is assumed to
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Figure 4.7: Collapsed Newton diagrams showing the effect of assuming a single CM
scattering velocity, w, for each LAB speed, v, on the CM scattering angle, θ, obtained.
The lightest grey arrows in (b) and (d) show CM scattering velocities consistent with
the LAB speed shown; these correspond to products accompanied by internally excited
ethyl radicals and are not included in the CM angular scattering distribution returned
by the inversion procedure.

be a delta function, so that the speed-dependent translational anisotropy is linked to

a single LAB scattering angle, θv, and thus CM speed, w, using Equations 3.32, 3.22

and 3.21. Products with less than maximal LAB speeds are therefore exclusively

assigned to CM scattering angles, θ, away from the forward direction. A similar

situation arises for the products generated with the lowest LAB speeds. These

products necessarily correspond to backward scattering, with the co-products born

in low internal quantum states (see Figure 4.7(c)). Products formed with slightly

higher LAB speeds will once more be exclusively assigned to CM scattering angles

away from the extreme backward direction, even though those LAB velocities may

correspond to backward scattered products accompanied by internally excited ethyl

radicals (see Figure 4.7(d)). This inversion procedure therefore inherently biases the

CM angular scattering distribution away from the forwards and backwards direc-

tions, and artificially enhances the importance of sideways scattering. The inversion

procedure also yields a false dependence of the excitation of the internal modes of
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the co-product on the CM scattering angle (or LAB speed). More internal excitation

of the co-product is observed in the sideways direction than in the extreme forwards

and backwards directions, as is clearly seen in the inverted ethyl internal energy

data shown in Figure 4.6, which is plotted as a function of CM scattering angle.

Similar behaviour was observed previously using this analysis method by Zare and

co-workers [151, 206], as also shown in Figure 4.6.

In summary, the inversion analysis has the following limitations: (i) the as-

sumption of a delta function in the kinetic energy release distribution is generally

unrealistic; (ii) the returned CM angular scattering distributions are biased away

from the extreme forward and backward directions; and, (iii) the internal energy of

the co-product exhibits an artificial dependence on scattering angle.

Legendre Moment Fitting Using a Fixed ft

Fitting of the Legendre moments extracted from the images using basis functions

obtained assuming a delta function in the fractional kinetic energy release, ft, allows

some of the problems with the direct inversion analysis to be overcome. In these fits,

it is assumed that the fixed ft value is independent of scattering angle. Fits to the

experimental data and the returned CM angular scattering distributions are shown

in Figure 4.8 for ft values ranging from 1.0 to 0.6. These data are compared to the

full analysis, shown in the bottom panels of the figure, where a distribution in kinetic

energy release values is allowed. The basis functions used in all the fits allow for the

finite instrument resolution and molecular beam temperature; the fits are performed

simultaneously to both the L = 0 and L = 2 Legendre moments of the ion image.

It should be noted that the CM angular scattering distribution returned from the

fit where ft = 1.0 is very similar to that obtained using the inversion method in

Section 4.3.2. This suggests that the inclusion of the molecular beam temperature

and the instrument resolution function in the basis set generation is not critical to

the correct analysis.

As can be seen from Figure 4.8, a significantly better fit to the data is produced
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Figure 4.8: Dependence of the fits to the Legendre moments (left) and the returned
CM angular scattering distributions (right) on the fixed single value for ft (top four
pairs of panels). From the top the fixed ft values used were 1.0, 0.8, 0.7 and 0.6
and the returned relative χ2 values were 30, 5, 2 and 12, respectively. The χ2 values
have been normalised to that obtained in the bottom row, which shows the fit and
CM angular scattering distribution obtained when the data were analysed allowing a
distribution of ft values. In this case, the mean fractional kinetic energy release was
〈ft〉 = 0.69 (see Table 4.1). For all sets of data, the basis functions used in the fits
allowed for the speed resolution of the apparatus, and employed a beam temperature
of 50 K. The data are for HCl(v′ = 0,j′ = 2).
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from the full analysis than when fixed ft values are used. Relative χ2 values for

each of the fits are given in the figure caption. When ft is fixed to a single value,

the best fit to the data is found when ft ≈ 0.7. This is very close to the mean

kinetic energy release, 〈ft〉 = 0.69, obtained from the full analysis of the data.

The CM angular scattering distributions obtained in these two cases are almost

indistinguishable, demonstrating that although the best fits to the data are obtained

using a distribution of kinetic energy releases, the CM angular scattering distribution

can be returned reliably in this case by optimization of the fixed value of ft employed

in generating the basis functions.

4.3.3 Full Legendre Moment Fitting Analysis

The Legendre moment fitting analysis used in this Section allows for the distribution

of product CM velocities arising from population of different internal quantum states

in the undetected ethyl co-product. This analysis relies on fitting the Legendre

moments of the experimental images using a set of basis functions generated in

moments of both the CM angular scattering and kinetic energy release distributions.

The Number of Moments

An important issue when fitting the Legendre moments of the images is the number

of moments in CM scattering angle and kinetic energy release used, since this dictates

the overall angular and energy resolution of the experiment. The dependence of the

CM angular scattering and kinetic energy release distributions obtained from the full

analysis on the number of moments used for each distribution is shown in Figure 4.9.

The error bars shown on the data are the result of the Monte Carlo analysis detailed

in Section 3.4.7, and reflect generous uncertainties in the fitting procedure. The

truncation point for the number of basis functions used is determined by observing

the dependence of χ2 on the number of fitting coefficients employed. In the present

case, χ2 did not decrease by a significant amount with inclusion of more than three

moments in the CM angular scattering distribution or with more than five moments
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Figure 4.9: The dependence of the returned CM angular scattering (left) and kinetic
energy release (right) distributions on the number of moments employed. From the
top, the data are for HCl (v′ = 0,j′ = 0, 2 and 6). The solid lines represent fits to
the data using 3 moments in the CM angular scattering distribution and 5 moments
in the kinetic energy release distribution. The other lines are fits with basis sets of
dimension (n,m)=(3,3) ( · · · ), (4,4) ( - - -) and (5,5) (− · − · ) (see Equation 3.51).

in the kinetic energy release distribution. The returned distributions are, however,

remarkably consistent as the number of moments used is varied. The fact that the

returned fits to the data are not significantly improved when the number of moments

is increased above these values demonstrates that the experiment is not sensitive to

features with more structure than those which can be generated using three or

five moments. The resolution of the experiment is thus defined by the number of

moments that can be extracted reliably from the data. Note that the assumption of

a delta function in kinetic energy release used in the inversion analysis is not only

physically unrealistic for this system, but also implies an infinite energy resolution.
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Full Legendre Moment Fits

The zeroth and second order Legendre moments obtained for each HCl(v′ = 0)

rotational quantum state investigated, and the fits to those moments using the full

Legendre moment analysis, are shown in Figure 4.10. The complete set of CM

angular scattering and kinetic energy release distributions returned from the fits are

shown in Figure 4.11. A steady trend from forwards scattering of low HCl rotational

states, to more isotropic, but backwards peaking, scattering of high rotational states

can be seen in the CM angular scattering distributions (left-hand panels). This

shift towards backwards scattering with increasing HCl rotational excitation is in

agreement with the previous work of Zare and co-workers [151], although with the

present analysis, all of the CM angular distributions are more forward scattered

than those previously reported (cf. Figures 4.11 and 4.4). The kinetic energy release

distributions are shown in the right-hand panels of Figure 4.11. There is an overall

trend towards higher kinetic energy release with higher HCl rotational states, but

the returned kinetic energy release distributions are remarkably consistent. The ft

values shown on the x axes in Figure 4.11 refer to the fractional energy release for

the specific HCl quantum state in question. The mean values obtained from these

data, 〈ft〉, corrected for the HCl(v′ = 0,j′) rotational energy, are shown in Table 4.1.

The mean internal energy in the ethyl fragment decreases slightly with increasing

HCl rotational state. A weighted mean over all populated HCl rotational quantum

states gives an overall average fraction of available energy in internal excitation of

the ethyl, 〈fint(C2H5)〉, to be ∼ 0.22. The weights for each quantum state used in

calculating this average were taken from the HCl(v′ = 0,j′) rotational populations

determined previously by Zare and co-workers [151] (see Figure 4.1). Average energy

disposal data obtained from on-the-fly ab initio trajectory calculations by Rudić et

al. [205] are also given in Table 4.1, and are in excellent agreement with the current

results.

A 2D contour map and the corresponding 3D ‘wireframe’ plot of the total product

flux as a function of CM scattering angle and HCl speed, P (w, θt), are shown in
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Figure 4.10: Zeroth and second order Legendre moments (—), and fits to those
moments ( - - -) for HCl(v′ = 0,j′ = 0) (top) through to HCl(v′ = 0,j′ = 6) (bot-
tom). The fits were performed using basis function sets with three moments in the
CM angular scattering distribution and five moments in the kinetic energy release
distribution. The very low speed section of the moments (vp < 255ms−1) was not
included in the fits, as discussed in Section 2.10.3.
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Figure 4.11: Returned CM angular scattering (left) and kinetic energy release (right)
distributions for HCl(v′ = 0,j′ = 0) (top) through to HCl(v′ = 0,j′ = 6) (bottom).
Error bars represent 2σ errors resulting from statistical errors in the fits. Note that in
the right-hand panels, the ft scale refers to the state-specific fractional kinetic energy
release, which does not include the rotational energy in the HCl product (see Table
4.1).
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Table 4.1: HCl(v′ = 0,j′) state-resolved, and state-averaged energy disposal data
for the Cl + C2H6 reaction. The data have been obtained assuming a mean available
energy of 2875 cm−1. The errors on the state-resolved 〈ft〉 values are typically ±0.05.
The averaging over rotational state was performed using the HCl(v′ = 0) rotational
population distribution obtained by Zare and co-workers [151]. HCl(v′ = 1), which
is only just energetically accessible, has been shown previously to be produced in
negligible quantities [151]. The data are compared to the theoretical fractional energy
partitioning calculated by Rudić et al. [205] for the system with 2695 cm−1 available
energy.

HCl(v′ = 0,j′) frot(HCl) fvib(HCl) 〈ft〉 〈fint(C2H5)〉
0 0.00 — 0.72 0.28

1 0.01 — 0.80 0.19

2 0.02 — 0.69 0.29

3 0.04 — 0.70 0.26

4 0.07 — 0.75 0.18

5 0.11 — 0.79 0.10

6 0.15 — 0.70 0.15

Average 0.02 — 0.76 0.22

Theorya 0.03 −0.03b 0.78 0.21

aRef. [205]
bThis negative value arises from the classically computed vibrational energy being

slightly lower than the quantum mechanical zero point energy associated with the HCl
molecule.
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Figure 4.12: Contour map and ‘wireframe’ plot of the total product velocity-angle
flux averaged over HCl rotational state using the rotational populations reported
by Zare and co-workers [151]. The plots were obtained using the results shown in
Figure 4.11.

Figure 4.12. These plots were generated using the CM angular scattering and kinetic

energy release distributions shown in Figure 4.11, using the same contribution from

each HCl rotational quantum state as above. The contour map therefore mimics

the data that would be obtained from a crossed molecular beam experiment without

product quantum state resolution.

4.4 Discussion

The results of new velocity-map ion imaging photoloc experiments were reported in

the previous Section for the reaction of Cl atoms with ethane. Product rotational

state resolved CM angular scattering distributions and kinetic energy release distri-

butions were obtained for HCl(v′ = 0,j′ = 0–6) using a basis function fitting analysis

of the Legendre moments of the ion images.

4.4.1 Angular Scattering Distributions

The CM angular scattering distributions obtained from the ion images show a clear

dependence on the HCl rotational quantum state probed: HCl products formed in
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the lowest rotational levels are predominantly forward scattered, with a shift to-

wards isotropic scattering for intermediate rotational excitation of the HCl, and

more backward peaked scattering for the HCl products formed in the highest rota-

tional quantum states.

Subsequent to completion of the work presented here, Toomes and Kitsopoulos

reported the extension of the technique of ‘crossed’ parallel beams [39, 217] combined

with velocity-map ion imaging, previously used by Suits and co-workers to study

the reactions of O(3P) with alkanes [75], to the rotational state resolved detection

of the HCl(v′ = 0,j′) products of the reaction of Cl with ethane at 0.24 eV [77, 78].

In these experiments, ethane and Cl2 were entrained in two separate, unskimmed

parallel molecular beams, with the former beam located on the ion imaging TOF axis

and the latter beam located slightly off the TOF axis. Both nozzles were mounted

on the repeller plate of the velocity mapping ion optics. A small percentage of the Cl

atoms produced by 355 nm photolysis of Cl2 in the off-axis molecular beam travelled

towards, and intersected, the on-axis ethane beam. The HCl(v′ = 0,j′ = 1–5)

products of the ensuing reaction were then detected via (2+1) REMPI at ∼ 240 nm

and velocity-map imaged. Note that, due to the nature of the chlorine atom ‘beam’

produced in these experiments, the energy and angular resolutions are relatively low

compared to those achievable using single beam photoloc or crossed molecular beam

experiments. CM angular scattering distributions were extracted from the resulting

images by direct integration of the raw data over velocity. It should be stressed

that this simple method includes no density-to-flux transformation, and thus does

not take into account the differing sensitivities to forward and backward scattered

products or the speed distribution of the Cl atoms; for these factors to be allowed

for requires the use of forward convolution methods [75].

The CM angular scattering distributions returned from the ‘crossed’ parallel

beam experiments described above [77, 218] are compared with the results of the

present work in Figure 4.13. The excellent agreement between the CM angular scat-

tering distributions returned from the two studies strongly supports the reliability
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Figure 4.13: Comparison between the CM angular scattering distributions obtained
in the present study (—) and those obtained from the ‘crossed’ parallel beam exper-
iments of Toomes and Kitsopoulos ( - - -) [77, 218]. From top to bottom, data are
shown for HCl(v′ = 0,j′ = 1, 3 and 5).
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of both sets of results. Moreover, Toomes and Kitsopoulos also concluded that a

significant fraction of the available energy is deposited into internal excitation of the

ethyl radical [77], which is also in excellent accord with the present findings.

The observed CM angular scattering distributions and the very cold HCl rota-

tional population distribution measured by Zare and co-workers [151] and Orr-Ewing

and co-workers [207] may be explained using an impact parameter-based model. Ab

inito calculations show that the transition state adopts a near-linear Cl–H–C con-

figuration with an energy slightly below that of the reactants [130, 202–205], and

that there are shallow van der Waals wells in both the entrance and exit chan-

nels [203, 205]. Notwithstanding the decisive role played by the shallow van der

Waals well in the reactant channel of the related Cl + H2/HD reactions [219], the

very shallow van der Waals well in the entrance channel of the Cl + C2H6 reaction is

not anticipated to impact upon the dynamics, and the reaction should therefore be

direct [205]. For products of a direct reaction to be forward scattered, as observed

in the Cl + C2H6 reaction, they must be formed in high impact parameter collisions.

These high impact parameter collisions may be indicative of a mechanism with a

loosely constrained transition state or of the reaction taking place via a more pe-

ripheral mechanism [220]. The degree of constraint on the transition state geometry

relates to the magnitude of the internal angle of the cone of acceptance for attack of

the Cl atom on the C–H bond, which depends on the barrier height and its variation

with Cl–H–C angle. Deviations of the Cl–H–C framework from 180◦ depend upon

the steepness of the bending potential of the transition state; the vibrational fre-

quencies of the transition state bending modes thus indicate the ease of deformation

from linearity. Calculated bending mode frequencies for the Cl–H–C2H5 transition

state are ∼ 125 cm−1 and ∼ 175 cm−1 [130, 202]. These values are relatively low,

consistent with a broad bending potential, and an open cone of acceptance for the

reaction with regards to the bending coordinate. The high thermal rate constant

for the reaction (discussed in Section 4.2.1) is in accordance with an open cone of

acceptance and also with the predominantly forward scattering observed. However,
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the high thermal rate constant is also consistent with the reaction taking place

via a peripheral mechanism [220]. This mechanism is characterised by a preferred

reactivity for collisions that are not along the lines of the centre-of-masses of the ap-

proaching reactants (i.e., the opacity function of the reaction peaks at large impact

parameters), and that yield products that are forward scattered. That the hydrogen

atoms in ethane are all located away from the centre-of-mass, the transition state is

calculated to be nearly collinear along Cl–H–C, and the HCl products are seen to

be forward scattered, are all supporting factors for a peripheral mechanism for the

Cl + C2H6 reaction.

If product formation is associated with a low impulsive release of energy into the

HCl products and there is either a weak steric restriction on the approach of the Cl

atom to H–C bond or a more peripheral-type mechanism with a collinear transition

state, the observed dynamics of the Cl + C2H6 reaction can be rationalised in terms

of the opacity function of the reaction (see Figure 4.14) [111, 151, 206, 221]. Non-

impulsive reactions at high impact parameters give rotationally cold HCl products

scattered in the forwards and sideways directions. Backwards scattered products

are formed in reactions with lower impact parameters, which could be associated

with a more impulsive-type mechanism, giving higher HCl rotational excitation.

4.4.2 Energy Partitioning

The kinetic energy release distributions returned from the basis function fitting

analysis show that on average 22% of the available energy is channelled into the

internal modes of the ethyl radical. Based on measurements of the speed-dependent

translational anisotropy parameter, the fraction of available energy in internal modes

of the ethyl radical was previously estimated by Zare and co-workers to be 7 ±
4% [151]; this value is significantly lower than that found in the present study. The

very low internal excitation of the ethyl product determined by Zare and co-workers

forms the basis of their argument that the ethyl fragment is essentially a spectator

in the reaction, and provides the justification for their data analysis method, which
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Figure 4.14: Proposed model for the mechanism of the reaction of Cl with C2H6.
Reaction occurring at a range of impact parameters is indicated by the ‘target’. Low,
medium and high impact parameter collisions result in forward, sideways and back-
wards scattering of the HCl products, respectively. Adapted from Refs. [111, 221].
Note that the shown orientation of the C2H6 molecule is arbitrary; in order to main-
tain the preferred collinearity of Cl–H–C in the transition state, the precise orientation
may be different for the three types of collision.

is based on the assumption that the reaction is well approximated as a ‘three-atom’

system.

Following publication of the results of the current investigation, Rudić et al. re-

ported their results of a quasi-classical trajectory study on the Cl + C2H6 reaction.

Ab initio potential energies and gradients were computed on-the-fly using restricted

and restricted-open-shell Hartree–Fock (HF) self-consistent field wavefunctions with

the 6-31G basis set (HF/6-31G) at the geometries through which the trajectories

passed. Trajectories were started from the transition state with ∼ 0.35 eV available

energy (approximately the total energy available in the present study) and were

propagated to separated products. The transition state was chosen to have zero-

point level excitation of the vibrational modes transverse to the reaction coordinate,

with random initial displacements and velocities in these modes. The remaining

available energy was placed into kinetic energy along the reaction coordinate to-

The figure originally located here has been removed from this version of the 
thesis for copyright reasons
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Figure 4.15: Nascent rotational state population distribution for ethyl products of
the reaction of Cl with C2H6 returned from quasi-classical trajectory calculations by
Rudić et al. [205].

wards products. It should be noted that this choice of initial conditions samples

only the outcome of low impact parameter, low orbital angular momentum colli-

sions, and thus the calculations are not fully representative of the experiments. The

HCl rotational population distribution obtained using this on-the-fly approach was

seen to be hotter than those determined experimentally (see Figure 4.1): the theo-

retical distribution peaked broadly at j′ = 2, with a long tail of low population in

high j′ levels. The calculations also yielded the ethyl radical rotational state pop-

ulation distribution shown in Figure 4.15. The distribution was obtained using an

analysis that rejected HCl co-products formed in high rotational states (j′ > 6) and

is seen to be roughly Gaussian in shape, with the mean populated rotational state

being j′ = 25. This distribution corresponds to 21% of the available energy being

channelled into internal energy of the C2H5 fragment [205], in excellent agreement

with the results of the present study (see Table 4.1). The present findings are thus
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strongly supported by both the theoretical calculations of Rudić et al. [205] and the

experimental results of Toomes and Kitsopoulos [77].

Crossed molecular beam studies on the reaction of chlorine with propane [222]

and pentane [223] have been carried out by Suits and co-workers, and although direct

comparison with the present data is not possible, it is noteworthy that these studies

reveal significant internal excitation of the products. In the case of Cl + C3H8, it

is known from the REMPI experiments of Koplitz and co-workers [224] and Varley

and Dagdigian [214, 215] that the HCl products of this reaction carry away little

internal excitation; the interpretation of the crossed molecular beam experiments

must therefore be that the internal modes of the propyl products are excited.5 This

conclusion is in broad agreement with the present findings for the reaction of chlorine

with ethane. Since the ethyl radical is produced with significant internal excitation,

it must be concluded that it does not behave as a spectator.

The kinematics of the reaction are those of a light atom abstraction, which favour

the transfer of kinetic energy from reactants to the products, and the release of the

reaction exothermicity into the HCl internal degrees of freedom. The experimentally

determined absence of internal excitation in the HCl products has been ascribed to

a modest energy release from a collinear Cl–H–C2H5 transition state (i.e., non-

impulsive transfer of the H atom) [151].

4.4.3 Internal Excitation of the Ethyl

Two limiting mechanisms can be considered for the excitation of the ethyl products,

producing either predominantly rotationally, or predominantly vibrationally, excited

ethyl radicals.

5As with the experiments on Cl + C2H6 by Zare and co-workers, the photoloc study by Varley
and Dagdigian on the reaction of Cl with partially deuterated propane [215] assumed that the propyl
co-products were formed internally cold. For this reason, the CM angular scattering distributions
derived from that study were probably artificially biased in the backwards direction [215, 222].
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Vibrationally Excited Ethyl

Energy release into vibrational modes of the ethyl radical may be associated with

the relaxation of the –CH2 moiety in the nascent ethyl radical from the pyramidal

geometry adopted in the transition state [202–204], to the more planar geometry of

the free ethyl radical [179, 202, 225, 226]. The extent of deformation from planarity

of the –CH2 in the C2H5 fragment is measured using the dihedral angle. This is

defined as the angle between the plane containing the CH2 and the plane containing

the C–C bond parallel to a line between the two H atoms of the CH2. The lowest

energy conformation of the ethyl radical has a dihedral angle of ∼ 10◦, with the

CH3 in a ‘staggered’ conformation [225, 227, 228]; the dihedral angle in the collinear

transition state is ∼ 58◦ [205]. The change in geometry on going from the transition

state to the free ethyl could therefore give rise to excitation of the out-of-plane –CH2

rocking mode. It is possible to estimate the maximum excitation generated by this

relaxation from the Franck–Condon overlap between the bending wavefunctions of

the transition state and the ethyl products. Approximating the rocking vibration

to be a harmonic oscillator with potential energy

V (φ) =
1

2
kφ2, (4.3)

where φ is the dihedral angle in the ethyl fragment defined above and k is the

vibrational force constant, gives a Hamiltonian of the form

Ĥ = −~
2

2I

d2

dφ2
+

1

2
kφ2, (4.4)

where I is the effective moment of inertia of the –CH2 moiety. Solution of the

Schrödinger equation associated with this Hamiltonian gives

Ev = (v + 1
2
)hω where ω =

1

2π

√
k

I
; v = 0, 1, 2, . . . (4.5)
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Figure 4.16: Ethyl vibrational population distribution predicted using the Franck–
Condon overlap model.

From ab initio calculations by Johnson and Sears [228], the force constant, k, of the

rocking vibration is estimated to be ∼ 9 × 10−20 J rad−2. The rocking vibrational

frequency has been measured by Sears et al. to be 528.1 cm−1 [226, 229], from which

the effective moment of inertia of the –CH2 is estimated to be 9 × 10−48 kg m2. If

the rocking force constants are assumed to be similar in the transition state and the

free ethyl radical, the Franck–Condon overlap model predicts significant vibrational

excitation of the rocking mode of the –CH2 unit. The vibrational state population

distribution predicted using this model, shown in Figure 4.16, peaks broadly at

v = 4. Since only ∼ 630 cm−1 of the available energy is channelled into internal

excitation of the ethyl radical, this predicted level of excitation is unrealistically

high. However, lower levels of excitation could be generated if there was a more

gradual relaxation of the geometry of the CH2 moiety from the transition state to

the products.
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Rotationally Excited Ethyl

Consider now the possibility that the observed ethyl internal excitation is rota-

tional in origin. Assuming the ethyl radical is a rigid asymmetric top with a rigid

‘frame’ (i.e., the C–CH2 backbone is fixed—the rigid top–rigid frame approxima-

tion), the average rotational constant about the b and c axes, B̄ = 0.5(B + C),

is ∼ 0.729 cm−1 [226, 230, 231]. The maximum rotational state accessible if all the

observed available energy deposited into internal modes of the ethyl is found as

end-over-end rotation is thus jC2H5 ' 30. This level of rotational excitation may be

associated with impulsive release of the exothermicity of the reaction along the axis

of the C–H bond in the transition state. Since this axis does not pass through the

centre of mass of the ethyl fragment, such an impulse would lead to a torque on the

nascent ethyl radical. The total angular momentum, J, of the reaction is given by

J = jCl + jC2H6 + L

= jHCl + jC2H5 + L′ + L′IMP, (4.6)

where jX is the total (rotational plus electronic) angular momentum of species X, L is

the orbital angular momentum of the reactants, L′ is the orbital angular momentum

of the products and L′IMP is the orbital angular momentum associated with the

impulsive release of energy along the axis of the breaking C–H bond. Since the

rotational angular momentum of the ethane is nearly zero due to collisional cooling

in the molecular beam, the electronic angular momentum of Cl(2P3/2) (jCl = 3/2)

may be neglected, and the rotational angular momentum of the HCl products has

been measured to be very low,

J ' L = jC2H5 + L′ + L′IMP. (4.7)

For the kinematics of a light atom transfer reaction, where L → L′, this reduces to

jC2H5 ' −L′IMP. (4.8)
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The magnitude of the rotational angular momentum of the ethyl radical, jC2H5 , asso-

ciated with an impulse release of the reaction exothermicity may thus be estimated

from the magnitude of the orbital angular momentum, L′, using

L′ = µ′v′b′

' ~
√

jC2H5(jC2H5 + 1), (4.9)

where µ′ is the reduced mass of the products, v′ is the velocity imparted to the

–CH2 end of the ethyl radical as a result of the impulse, and b′ is the distance

of the breaking C–H bond from the centre of mass of the ethyl product. Using

the transition state geometry obtained from the recent ab initio calculations of

Fernández-Ramos et al. [203], ethyl rotational angular momenta of ∼ 22~ can be

generated from an impulsive release corresponding to the reaction exothermicity.

The results of the on-the-fly ab initio trajectory calculations by Rudić et al. [205]

suggest that the bulk of the ethyl internal excitation may be accounted for by

rotation. The ethyl product rotational state population distribution computed is

shown in Figure 4.15, and is seen to peak broadly at j ∼ 25. In the limit of the total

energy in ethyl rotation calculated from this distribution being found as rotation

about the b and c axes of the ethyl radical only, approximately 96% of the energy

observed to be channelled into internal excitation of the ethyl co-fragment is found

as rotation. Although the considerations made here are mostly qualitative, they are

in agreement with these recent theoretical predictions.

4.5 Summary

The HCl(v′ = 0) products of the reaction of Cl with ethane at 0.24 eV are formed

rotationally cold, with the j′ = 1 state maximally populated. Rotational state

resolved angular scattering and kinetic energy release distributions have been de-

termined from velocity-map ion images for HCl(v′ = 0,j′ = 0–6) products using

the Legendre moment analysis method. The angular scattering distributions show
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a steady trend from forward scattering at low j′ to more isotropic, but backward

peaking, scattering at high j′. The kinetic energy release distributions obtained

show that around 22% of the available energy is channelled into internal excitation

of the ethyl products, much more than that found in previous studies. Possible

sources of this excitation have been discussed. Analyses previously used to extract

angular scattering distributions for this, and similar Cl + alkane reactions, made the

assumption that the alkyl radical plays only a spectator role in the reaction and car-

ries away none of the available energy; this has been shown to be invalid in the case

of the present reaction. It is thus suggested that caution should be exercised when

making this assumption, in either reduced dimensionality dynamics calculations or

in analysis of experimental results, for this type of reaction in the future.



Chapter 5

The Dynamics of the Cl + n-C4H10

Reaction at 0.32 eV

5.1 Introduction

A key feature of the reactions of chlorine atoms with alkanes containing more than

two carbon atoms is the availability of more than one reaction pathway, namely

abstraction of a hydrogen atom from a primary (1◦), secondary (2◦) or tertiary (3◦)

carbon atom. It is therefore important to have a detailed understanding of the

differing propensities for reaction at these sites and the dynamics associated with

them. The reaction of atomic chlorine with n-butane can proceed via two pathways:

Cl + CH3CH2CH2CH3 GGGGA HCl + ĊH2CH2CH2CH3

∆rH
◦−
0 = −8.4± 2.1 kJ mol−1 (5.1)

GGGGA HCl + CH3ĊHCH2CH3

∆rH
◦−
0 = −23.1± 2.1 kJ mol−1 (5.2)

The considerably different exothermicities1 of reactions 5.1 and 5.2 suggest that the

dynamics of the competing reaction pathways may be investigated by quantum state

1Enthalpies of reaction calculated using D0
0(H–Cl) = 427.64 ± 0.02 kJmol−1 [177, 178], D0

0(H–
n-C4H9) = 419.2 ± 2.1 kJmol−1 [232, 233] and D0

0(H–s-C4H9) = 404.6 ± 2.1 kJ mol−1 [234].

135
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selective measurements of the scattering of the HCl(v′,j′) products.

Whilst a considerable amount of work has been carried out to determine the

kinetics of the reaction of chlorine atoms with n-butane, to date the dynamics of the

two reactive pathways have not been examined. Previous work on the kinetics of the

title reaction, and dynamics studies carried out on the reactions of atomic chlorine

with propane and heavier saturated hydrocarbons are discussed in the following

Section.

5.2 Previous Work on the Cl + n-C4H10 Reaction

5.2.1 Kinetics Studies

Structure activity relationships for the reaction of chlorine atoms with alkanes allow

the prediction of reaction rates in systems for which no measurements are avail-

able, and can be calculated from known experimental kinetic data for large hy-

drocarbons. Many of the rate coefficients for the reactions of chlorine with these

larger hydrocarbons have been measured relative to those for reaction with bu-

tane [182, 189, 235–241], resulting in the pursuit of increasingly accurate values for

the absolute rate of the Cl + n-butane reaction. Direct measurements of the abso-

lute rate constant employed similar techniques to those used in the kinetic studies of

the Cl + C2H6 reaction outlined in Section 4.2.1. The results of the most recent of

these studies [189, 191, 192, 242] are in good agreement with those determined using

relative rate methods [184, 189, 191, 238]. The recommended value of the absolute

rate coefficient, k, is (2.05 ± 0.07) × 10−10 cm3 molecule−1 s−1, independent of tem-

perature over the range 290–600 K [195]. In recent relative rate experiments using

gas chromatographic product analysis, Sarzynski and Sztuba found a weak negative

temperature dependence for abstraction of hydrogen atoms from a primary carbon

atom, and a weak positive temperature dependence for abstraction from a secondary

carbon atom over the temperature range of 295–470 K [184]. Fits to the data us-

ing the simple Arrhenius expression, k = A e−Ea/RT , give pre-exponential factors
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Ap = (7.3 ± 0.2) × 10−11 and As = (9.9 ± 2.2) × 10−11 cm3 molecule−1 s−1 and

activation energies of (Ea/R)p = 68 (±10) K and (Ea/R)s = −106 (±75) K, where

the subscript p and s refer to abstraction of primary and secondary hydrogens re-

spectively. The differing temperature dependencies were proposed to arise from the

formation of a weakly bound complex during abstraction of a secondary hydrogen

atom. The overall rate coefficient at 298 K, determined as the sum of the rates for

both reaction pathways, was found to be in good agreement with the recommended

value [184].

A preference for abstraction of a hydrogen atom from secondary carbon atoms

over primary carbon atoms was observed in the relative rate experiments carried out

by Tyndall et al. [191] and Sarzynski and Sztuba [184]. In both experiments, 29%

of the butyl products were found to result from abstraction of a primary hydrogen

atom, and 71% from abstraction of a secondary hydrogen atom.

5.2.2 Transition States

The geometries of the transition states for the reaction of chlorine and bromine

atoms with propane have been calculated by Bottoni and Poggi at the unrestricted

Hartree–Fock and Møller–Plesset second-order perturbation (MP2) levels using the

6-31G* basis set [204]. The transition states were found to be nearly collinear for

abstraction of either a primary or secondary hydrogen atom by both chlorine and

bromine (∠(X–H–C) = 177.1–179.8◦, depending on the level of theory employed).

In more recent calculations by Seetula at the MP2 level using the 6-31G(d,p) basis

set and the frozen core approximation, the transition state for the abstraction of

a primary hydrogen atom from n-butane by bromine was also found to be nearly

collinear (∠(Br–H–C)=173.5◦) [243]. From the similarities in geometry of all five

of these ab initio transition states, involving both chlorine and bromine, it seems

likely that the abstraction of hydrogen atoms from primary and secondary carbon

sites in n-butane by chlorine also proceed via nearly collinear transition states. The

Cl + C2H6 reaction discussed in Chapter 4, in which the hydrogen atom may only
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be abstracted from a primary carbon site, has a similar exothermicity to that of

the primary H atom abstraction pathway in the Cl + n-C4H10 reaction and passes

through a nearly collinear transition state. By virtue of these similarities between

the two reactions, the dynamics of abstraction of a primary (and possibly secondary)

hydrogen atom from n-butane are therefore anticipated to be closely related to those

for H atom abstraction from ethane.

5.2.3 Dynamical Studies

Cl + C3H8

The two pathways available in the reaction of chlorine atoms with propane, and the

associated exothermicities,2 are shown below:

Cl + CH3CH2CH3 GGGGA HCl + ĊH2CH2CH3

∆rH
◦−
0 = −10.5± 2.1 kJ mol−1 (5.3)

GGGGA HCl + CH3ĊHCH3

∆rH
◦−
0 = −21.4± 1.7 kJ mol−1 (5.4)

Koplitz and co-workers investigated the site-specific chemistry of the Cl + propane

reaction using the selectively deuterated propanes CH3CD2CH3 and CD3CH2CD3

[224]. Nascent product rotational spectra were obtained for the HCl and DCl using

REMPI coupled with linear time-of-flight (TOF) mass spectrometry. A 1:1 mix-

ture of Cl2 and either CH3CD2CH3 or CD3CH2CD3 was co-expanded in a pulsed

molecular beam. Reaction was initiated by photolysis of Cl2 using 351 nm laser

radiation to produce monoenergetic Cl(2P3/2) atoms and to give well-defined colli-

sion energies of 0.30 and 0.31 eV for reaction with CH3CD2CH3 and CD3CH2CD3

respectively. The HCl(v′ = 0) and DCl(v′ = 0) products were allowed to accumulate

for 120 ns before detection via (2+1) REMPI at around 240 nm. For abstraction

2Enthalpies of reaction calculated using D0
0(H–n-C3H7) = 417.1 ± 2.1 kJ mol−1 [232, 233] and

D0
0(H–s-C3H7) = 406.3 ± 1.7 kJmol−1 [234].
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of primary hydrogen atoms the observed HCl(v′ = 0) product rotational structure

was reasonably well described using a Boltzmann distribution with a temperature

of ∼ 70–100 K. HCl products arising from reaction at the secondary carbon atom

were found to be slightly rotationally hotter. The yields of DCl products from ab-

straction of a primary or secondary D atom were found to be equal, despite the 3:1

ratio of available atoms (i.e., abstraction of a secondary D atom was seen to be three

times as probable as abstraction of a primary D atom). The difference in reactivity

was found to be lower for the HCl products, with 60% arising from abstraction of

a primary H atom and 40% from abstraction of a secondary H atom (i.e., allowing

for the statistical abundance of primary and secondary carbon sites, abstraction of

a secondary H atom was seen to be twice as likely as abstraction of a primary H

atom). Contrary to these findings, a kinetics study by Tyndall et al. on the Cl

+ C3H8 reaction at 298 K showed that 43 ± 3% of the products were observed to

be produced from abstraction of H from a primary carbon atom and 57± 3% from

the secondary carbon atom [191]. The opposing conclusions of the two studies were

speculatively attributed to the differing kinetic energy distributions of the chlorine

atoms employed: Cl2 photolysis produced translationally ‘hot’ Cl atoms, whereas

thermalized Cl atoms were used in the kinetic study. It should be noted, however,

that abstraction by chlorine of H and D atoms from the different carbon sites in the

CH3CD2CH3 and CD3CH2CD3 molecules have different exothermicities to those for

abstraction from the fully deuterated or fully hydrogenated propanes; the conclusion

drawn regarding the dynamics and relative reactivities of the primary and secondary

carbon sites in the Cl + C3H8 reaction derived from this study should therefore be

viewed with some caution.

Similar dynamics experiments have been carried out on the reaction of chlorine

atoms with C3H8 and CD3CH2CD3 by Varley and Dagdigian [214, 215]. In the case

of reaction with undeuterated propane, Cl2 and C3H8 were introduced into the inter-

action region of a linear TOF mass spectrometer through two pulsed valves mounted

perpendicularly both to one other and to the time-of-flight axis. Owing to this con-
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figuration of the apparatus, initiation of the reaction by photolysis of the Cl2 using

355 nm laser radiation resulted in a very broad, isotropic collision energy distribu-

tion that extended from 0.0 to 0.9 eV. Following a 100–200 ns delay, HCl(v′ = 0 and

1) products were detected via (2+1) REMPI in the wavelength range 238–247 nm.

Rotational population distributions were obtained from the resulting spectra using

linestrength factors determined experimentally by Rohlfing et al. [244] and Xie et

al. [245]. The returned HCl(v′ = 0 and 1) rotational population distributions were

seen to be cold, with the j′ = 1 state maximally populated in both vibrational

levels. From relative signal intensities, it was estimated that ∼ 13% of the observed

HCl products were formed in the v′ = 1 vibrational state. As a result of the broad

collision energy distribution, the two reaction pathways 5.3 and 5.4 could not be dis-

tinguished. Reduction of the intersection angle between the two pulsed valves from

90◦ to 20◦ yielded the much narrower collision energy distribution of 0.3± 0.15 eV

for the Cl + CD3CH2CD3 reaction [215, 216]. The energetics of this reaction are

similar to those of the reaction with C3H8: ∆rH
◦−
0 = −6 kJ mol−1 for abstraction of a

D atom from a primary carbon atom of CD3CH2CD3, whilst ∆rH
◦−
0 = −22 kJ mol−1

for abstraction of an H atom from the secondary carbon atom [215]. HCl(v′ = 1)

and DCl(v′ = 1) products were found to be formed in negligible quantities, reflecting

the lower mean collision energy employed. The rotational population distributions

obtained for the HCl(v′ = 0,j′) and DCl(v′ = 0,j′) products have been plotted as

a function of rotational energy, Erot, in Figure 5.1. Both distributions were found

to be rotationally cold, although the HCl products of abstraction of the secondary

H atoms were seen to be produced with higher rotational energies than the DCl

products. From the relative populations of the j′ = 1 rotational states, the ratio

of the cross-sections for production of HCl(v′ = 0) and DCl(v′ = 0) was calculated

to be 1.1 ± 0.2. Allowing for the 3:1 abundance of D versus H, abstraction of an

atom in the secondary position was thus concluded to be favoured by a factor of

2.7± 0.5 over that for primary atoms. This was rationalised on the basis of a larger

cone of acceptance about the linear Cl–H(D)–C transition state geometry for ab-
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Figure 5.1: The nascent rotational population distributions obtained by Varley and
Dagdigian for the HCl(v′ = 0,j′) ( - - ¥ - -) and DCl(v′ = 0,j′) ( - - ◦ - -) products of
the reaction of Cl with CD3CH2CD3 [215]. The distributions have been plotted as a
function of rotational energy, Erot, to aid comparison.

straction of a secondary atom than for abstraction of a primary atom. CM angular

scattering distributions were extracted from the time-of-flight ion arrival profiles for

the HCl(v′ = 0,j′ = 1) and DCl(v′ = 0,j′ = 1) products on the assumption of zero

internal excitation of the alkyl co-product. Broad sideways scattering was thereby

obtained for the DCl products arising from abstraction from a primary carbon atom,

whereas the HCl products formed from abstraction from the secondary carbon atom

were found to show more isotropic, but backward peaking scattering.3

Blank et al. have studied the reaction of chlorine with propane at a series of col-

lision energies using a crossed molecular beam apparatus [222]. Cl atoms, produced

3As mentioned in Section 4.4.2, the CM angular scattering distributions derived in this study
were probably artificially biased in the backwards direction as a result of the assumption that the
propyl products are formed internally cold.
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Figure 5.2: The total CM velocity flux map for the reaction of chlorine with propane
at 0.35±0.04 eV obtained from the crossed molecular beam study by Blank et al..
Adapted from Ref. [222].

by thermal dissociation of Cl2 at ∼ 1800 K, were diluted in rare gas mixtures and

entrained in a continuous, double-skimmed molecular beam. This was crossed at 90◦

by a continuous beam of C3H8 diluted in rare gas, formed by skimming the expansion

from a heatable nozzle source. By varying the gas mixtures and source tempera-

tures used, collision energies of 0.35 ± 0.04, 0.50 ± 0.07 and 1.37± 0.22 eV were

achieved. The scattered n-C3H7 and i -C3H7 products were detected simultaneously

using 9.5 eV vacuum ultraviolet synchrotron radiation coupled with quadrupole

TOF mass spectrometry of the resulting ions. CM angular scattering and trans-

lational energy release distributions were obtained from the resulting LAB angular

distributions and TOF profiles using the forward convolution technique. At the low-

est collision energy, 40–50% of the available energy was found to be partitioned into

internal energy of the products. From the very small HCl internal energy measured

by Varley and Dagdigian at a similar collision energy [215], it was concluded that

most of the energy found in the products must be channelled into internal modes

of the propyl radical products. The CM angular scattering distribution was seen

to be nearly isotropic, with a peak in the forwards direction and a smaller peak in

the backwards direction. The total CM velocity flux map obtained at the collision

energy of 0.35± 0.04 eV is shown in Figure 5.2. The propyl products were found

to be more forward and sideways scattered with increasing collision energy. From
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this observation and the lower activation energy associated with abstraction of a

secondary H atom than for abstraction of a primary H atom [184, 246], the forward

scattered products were tentatively assigned to be those associated with secondary

H abstraction, whilst the backwards and sideways scattered products were thought

to be linked with primary H abstraction.4

Cl + i -C4H10

The two available pathways for the reaction of chlorine atoms with isobutane, cor-

responding to abstraction of a hydrogen atom from a primary and tertiary carbon

atom respectively, are shown below:5

Cl + CH(CH3)3 GGGGA HCl + ĊH2CH(CH3)2

∆rH
◦−
0 = −8.6± 1.3 kJ mol−1 (5.5)

GGGGA HCl + Ċ(CH3)3

∆rH
◦−
0 = −30.2± 2.1 kJ mol−1 (5.6)

Using the same experimental apparatus as for their study on the Cl + CD3CH2CD3

reaction, Varley and Dagdigian investigated the dynamics of the reaction of Cl with

(CH3)3CD at a collision energy of 0.35± 0.25 eV [216]. ∆rH
◦−
0 = −11 kJ mol−1 for

abstraction of an H atom from a primary carbon atom of (CH3)3CD, whilst ∆rH
◦−
0 =

−26 kJ mol−1 for abstraction of the D atom from the tertiary carbon atom [216];

the energetics are thus similar to those of the reaction with i -C4H10. The rotational

population distributions obtained for the HCl(v′ = 0) and DCl(v′ = 0) products are

compared in Figure 5.3 as a function of rotational energy, Erot. Although both rota-

tional population distributions were found to be cold, abstraction from the tertiary

carbon atom was seen to give more rotationally excited products than abstraction

4The recent results of Brouard and co-workers on the reaction of chlorine with ethane, where
all products arise from abstraction of primary H atoms and are seen to be forward scattered, bring
this assignment into question [169, 247].

5Enthalpies of reaction calculated using D0
0(H–C(CH3)3) = 397.5± 2.5 kJ mol−1 [234] and

D0
0(H–CH2CH(CH3)2) = 419.0 ± 2.1 kJ mol−1 [232, 233].
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Figure 5.3: The nascent rotational population distributions obtained by Varley and
Dagdigian for the HCl(v′ = 0,j′) ( - - ¥ - -) and DCl(v′ = 0,j′) ( - - ◦ - -) products of
the reaction of Cl with (CH3)3CD [216]. The distributions have been plotted as a
function of rotational energy, Erot, to aid comparison.

from one of the primary carbon sites, with on average double the energy being

deposited into the DCl(v′ = 0) products compared to the HCl(v′ = 0) products.

Negligible vibrational excitation had been observed for the HCl products of the re-

action of chlorine with i -C4H10, thus HCl(v′ = 1) and DCl(v′ = 1) products of the

Cl + (CH3)3CD were not searched for. The ratio of cross-sections for production

of HCl(v′ = 0) and DCl(v′ = 0) was calculated to be 3.3 ± 0.4, which, allowing for

the 9:1 abundance of H versus D, corresponds to abstraction of the atom from the

tertiary carbon site being favoured by a factor of 2.7± 0.3 over that of abstraction

from a primary carbon site. CM angular scattering distributions were obtained from

the TOF profiles for the HCl(v′ = 0,j′ = 0) and DCl(v′ = 0,j′ = 0) products on

the assumption that none of the available energy was deposited into the internal
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modes of the butyl co-products. HCl(v′ = 0,j′ = 0) products from reaction at

a primary carbon site were seen to be broadly sideways scattered, whilst for the

DCl(v′ = 0,j′ = 0) products of abstraction from the tertiary carbon atom a strong

propensity for backward scattering was observed. These dynamics were explained

using an impact parameter based model, where the more forward scattered prod-

ucts of reaction at a primary site are attributed to a non-impulsive, large impact

parameter, stripping-type mechanism, and the backwards scattering of the products

from reaction at the tertiary site are formed from necessarily low impact parameter

encounters with a more impulsive energy release.

Cl + n-C5H12

Three pathways exist for the reaction of chlorine with n-pentane, proceeding via

abstraction of either primary or secondary hydrogen atoms:6

Cl + CH3CH2CH2CH2CH3 GGGGA HCl + ĊH2CH2CH2CH2CH3

∆rH
◦−
0 = −8.4 kJ mol−1 (5.7)

GGGGA HCl + CH3ĊHCH2CH2CH3

∆rH
◦−
0 = −22.6± 2.1 kJ mol−1 (5.8)

GGGGA HCl + CH3CH2ĊHCH2CH3

∆rH
◦−
0 = −22.6± 2.1 kJ mol−1 (5.9)

Hemmi and Suits studied the reaction of chlorine with n-pentane using the crossed

beam machine previously employed to investigate the reaction of chlorine with

propane [223]. All three pentyl products of the reaction at 0.73 eV were simul-

taneously detected by photoionisation and TOF mass spectrometry using 9.5 eV

synchrotron radiation. Reaction pathways 5.8 and 5.9, producing 2-pentyl (1-

methylbutyl) and 3-pentyl (1-ethylpropyl) radicals respectively, were considered to-

6Enthalpies of reaction calculated using ∆fH
◦−
298(1-C5H11) = 61.0± 3.8 kJmol−1, ∆fH

◦−
298(2-

C5H11) = 46.8± 3.7 kJmol−1 and ∆fH
◦−
298(3-C5H11) = 46.8± 3.6 kJ mol−1 [232].
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gether owing to their indistinguishable exothermicities and that they both represent

secondary H atom abstraction. The experimental data were fitted using forward

convolution simulations by decomposing the CM angular and translational energy

distributions into two components. One component (channel A) was found to be

strongly forward scattered with a high kinetic energy release (∼ 92% of the available

energy), whilst the other (channel B) was seen to show more isotropic, but back-

wards peaking scattering with the much lower kinetic energy release of ∼ 65% of the

available energy. The branching ratio was determined to be 58% for the first channel

and 38% for the second channel.7 It should be noted that decomposition of the CM

distributions into two components using the forward convolution method, especially

for the forward scattered products, was somewhat arbitrary [223]. Assignment of

the two components of the CM distributions to abstraction of hydrogen atoms from

primary and secondary carbon sites was performed on the basis of the translational

energies, with abstraction of secondary H atoms proposed to correspond to channel

A and abstraction of primary H atoms therefore associated with channel B. The

validity of the separation of the CM distributions into two components in the anal-

ysis of the results of this experiment, and therefore the assignments of the reaction

pathways, has been brought into question by a more recent crossed molecular beam

imaging experiment by Suits and co-workers [247]. These experiments use 157 nm

laser radiation to selectively ionise the 2- and 3-pentyl radicals only and are insensi-

tive to the n-pentyl products. Products were clearly seen to be backwards scattered

and, since these can correspond to the abstraction of hydrogen atoms from secondary

carbon sites only, the earlier assignments were concluded to be erroneous.

Cl + c-C6D12

The dynamics of the reaction between chlorine and deuterated cyclohexane, where

abstraction of a D atom from a secondary carbon site is the only available path-

way, have been investigated by Flynn and co-workers using time-resolved infrared

7Note that, as in Ref. [223], these branching fractions do not sum to 100%.
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laser absorption spectroscopy to probe the DCl products [248]. In these experi-

ments, c-C6D12 and either NOCl or S2Cl2 were premixed and flowed through a 2 m

cell. Reaction was initiated by photodissociation of NOCl at 193 nm and S2Cl2 at

248 nm to produce Cl atoms and give reasonably well-defined collision energies of

0.62± 0.09 eV and 0.23± 0.03 eV, respectively. DCl products were monitored rovi-

brational state selectively at wavelengths around 4.9 µm through infrared absorption

changes. The enthalpy of reaction, ∆rH
◦−
0 , was estimated to be −33.3± 8 kJ mol−1.

At the lower collision energy, around 95% of the DCl products were found to be

formed in the ground vibrational state, with the Boltzmann rotational temperature

of the ground and first vibrationally excited states both measured to be ∼ 150 K.

Higher levels of vibrational excitation were observed for the DCl products of reac-

tion using NOCl as the chlorine atom precursor; the rotational temperature for the

DCl(v′ = 0) products at this collision energy was measured to be ∼ 200 K. Around

60% and 37% of the available energy was seen to be deposited into the internal

modes of the cyclohexyl radicals at the lower and higher collision energies, respec-

tively. The DCl products were found to have translational energies approaching

those of the reactant Cl atoms. It was thus suggested that the reaction proceeds

with direct transfer of the D atom from the c-C6D12 to the chlorine, in accord with a

simple ‘spectator’ model [2]. The cold DCl rotational energy was speculated to result

from D atom abstraction with a collinear Cl–D–C recoil configuration. QCT cal-

culations on an empirical three-body London–Eyring–Polanyi–Sato surface, where

the c-C6D11 fragment was treated as a structureless particle, were consistent with

the experimental observations and suggested a direct abstraction mechanism with a

collinear Cl–D–C recoil geometry [248].

5.2.4 Summary

The previous work on the reactions of chlorine atoms with saturated alkanes can be

summarised as follows: (i) ab initio calculations on the transition state geometries of

the Cl + C3H8 and Br + C3H8 and n-C4H10 reactions at both primary and secondary
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carbon sites show a near collinear X–H–C arrangement, suggesting that the Cl +

n-C4H10 reaction is also likely to be characterised by a near-linear transition state;

(ii) the HCl products are found predominantly in the ground vibrational state and

are rotationally cold, with the products of abstraction from a secondary or tertiary

carbon atom being more rotationally excited than those formed by abstraction from

a primary carbon site; (iii) at collision energies similar to those employed in the

current study, abstraction from the secondary and tertiary carbon atoms in C3H8

and i -C4H10 is favoured by a factor of 2–3 over the statistical ratio of primary to sec-

ondary or tertiary atoms at collision; (iv) the analysis of photoloc experiments, and

several theoretical treatments of the dynamics of the reactions, have assumed that

the systems may be approximated to three-body reactions, where internal modes of

the alkyl fragments are not excited; (v) within this approximation, the products of

abstraction from primary carbon sites are seen to be more forward scattered than the

products of abstraction from secondary or tertiary sites; (vi) in light of recent stud-

ies, the results of crossed molecular beam experiments now also find the products

of abstraction from primary carbon sites to be forward scattered, whilst secondary

hydrogen atom abstraction gives sideways and backwards scattered products; and,

(vii) these crossed molecular beams studies suggest that the alkyl fragments are

internally excited and therefore cannot be considered as spectators in the reactions.

5.3 Results

5.3.1 Images and Legendre Moments

Representative velocity-map ion images and the corresponding zeroth, second and

fourth order Legendre moments are shown in Figure 5.4 for HCl(v′ = 0,j′ = 1, 3

and 6). The images have been background-subtracted and quadrant-averaged for

clarity; the Legendre moments were obtained from the raw images as described

in Chapter 3. It can be seen clearly in the images, and especially in the zeroth

order moments, that the intensity is shifted towards the centre of the images with
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Figure 5.4: Background subtracted images and Legendre moments of order 0 (—),
2 ( - - -) and 4 ( · · · ) for HCl(v′ = 0,j′ = 1 (top), 3 (middle) and 6 (bottom)).
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increasing HCl rotational state, a similar trend to that seen for the Cl + C2H6

reaction in Chapter 4. This change in the intensity distribution could reflect either

more backwards scattering or lower kinetic energy releases associated with the HCl

products formed in higher rotational states. It should also be noted that, within

the experimental signal-to-noise ratio of the data, the 4th order Legendre moments

are very close to zero. The experimental data are therefore consistent with the

description of the LAB scattering distribution used in Chapter 3, in which the only

non-zero image moments are those for which L = 0 and 2.

Owing to the arrangement of the experimental apparatus used, it was not possi-

ble to scan the probe laser reliably over the extended range of wavelengths required

to obtain the full rotational structure of the REMPI spectrum of the nascent HCl

reaction products, and therefore the rotational population distribution was not de-

termined. However, on the basis of the observed signal intensities for each transition

studied and using the linestrength factors determined experimentally by Rohlfing

et al. [244], the rotational Boltzmann temperature was estimated qualitatively to

be ∼ 180 K. The rotational population distribution at this temperature peaks quite

narrowly at j′ = 2, with a short tail extending to j′ = 9. This product HCl rota-

tional population distribution is in good agreement with that obtained for the Cl +

C3H8 reaction by Varley and Dagdigian [215], but is slightly hotter than those found

for the Cl + CH3CD2CH3/CD3CH2CD3 reactions (∼ 70–100 K) studied by Koplitz

and co-workers [224] and the Cl + i -C4H10 reaction (∼ 120 K) investigated by Varley

and Dagdigian [216]. The low populations in the higher rotational states studied

are reflected in the lower signal-to-noise ratios seen in the experimental images and

Legendre moments obtained for these states.

5.3.2 Legendre Moment Fitting Analysis

The experimental data were analysed using the basis function fitting method (see

Chapter 3), rather than by attempting the direct inversion of the data performed

previously for the Cl + CD3CH2CD3 and Cl + (CH3)3CD reactions by Varley and
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Figure 5.5: Zeroth and second order Legendre moments (—), and fits to those
moments ( - - -), assuming H atom abstraction from either only primary (left) or only
secondary (right) carbon atoms. From top to bottom, data are shown for HCl(v′ = 0),
products born in j′ = 0, 3 and 6. The fits were performed using basis function sets
with four moments each in the CM angular scattering distribution and the kinetic
energy release distribution.

Dagdigian [215, 216]. The basis function sets used in all of the fits allow for the finite

instrument resolution and the molecular beam temperature (see Section 2.10.4),

and were generated in moments of the CM angular scattering and fractional kinetic

energy release (P (ft)) distributions. Fits were performed simultaneously to the

zeroth and second order Legendre moments of the experimental images.

Initial fits to the data were attempted on the assumption that the HCl prod-

uct signal arose exclusively from hydrogen atom abstraction at either primary or

secondary carbon sites. The resulting fits to the data are shown in Figure 5.5 for

HCl(v′ = 0,j′ = 0, 3 and 6). In the case of abstraction occurring from primary car-
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bon atoms only, the quality of the fits is seen to decrease drastically with increasing

HCl rotational excitation. The high velocity sections of the experimental moments

for the three rotational states are seen to be poorly reproduced by the fits. In ad-

dition, the fits to the second order Legendre moments, which are sensitive to the

velocity-dependent translational anisotropy, show structure sharper than that seen

in the experimental data. The fits obtained using basis sets calculated assuming

product formation exclusively through abstraction from secondary carbon atoms,

although much better than those for abstraction from just primary carbon atoms,

are seen to show the opposite trends, with the fits increasing in quality for products

formed in higher rotational states. This is particularly evident for the L = 2 mo-

ments, with the best fits at low j′ being noticeably broader than those determined

experimentally. A qualitative trend that may be drawn from these observations is

that more of the HCl products born with low rotational energies are formed from

abstraction of primary hydrogen atoms, whilst a greater fraction of those formed

in the highest rotational quantum states investigated are the products of secondary

hydrogen abstraction.

A more complete analysis, allowing for the participation of both reaction path-

ways and the determination of the relative contribution of each to the total signal,

yields the more satisfactory fits shown in Figure 5.6. Within the framework of this

analysis, the CM angular scattering and fractional kinetic energy release distribu-

tions are constrained to take the same form for reactions involving abstraction of

either a primary or secondary hydrogen atom. This approach allows the relative con-

tribution of each reaction channel to be determined. The relative χ2 values returned

from these fits are compared with those obtained from the fits assuming abstrac-

tion of hydrogen atoms takes place from either exclusively primary or exclusively

secondary carbon sites (see Figure 5.5) in Table 5.1. Inclusion of both reaction

pathways is seen to improve the quality of the fits for the HCl(v′ = 0) products

formed in low rotational states. For the HCl(v′ = 0,j′ = 6) products, the value of

χ2 obtained from the fit assuming hydrogen atom abstraction takes place only from
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Figure 5.6: Zeroth and second order Legendre moments (—), and fits to those
moments ( - - -) for HCl(v′ = 0,j′ = 0) (top) through to HCl(v′ = 0,j′ = 6) (bottom).
The fits were performed using basis function sets with four moments each in the CM
angular scattering distribution and the kinetic energy release distribution. The very
low speed section of the moments (vp < 255ms−1) was not included in the fits, as
discussed in Section 2.10.3.
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Table 5.1: The returned relative χ2 values from the fits to the experimental data
assuming H atom abstraction from only primary, only secondary, and both primary
and secondary carbon atom sites (see Figures 5.5 and 5.6). The χ2 values returned
assuming 1◦ only or 2◦ only abstraction have been normalised to those obtained
allowing for 1◦ and 2◦ abstraction for each HCl(v′ = 0) rotational quantum state.

Relative χ2

HCl(v′ = 0,j′) 1◦ only 2◦ only 1◦ and 2◦

0 4 3 1

3 7 2 1

6 10 1 1

secondary carbon sites is seen to be unchanged by inclusion of the primary hydrogen

atom abstraction channel, reflecting the fact that hydrogen atom abstraction from

a secondary carbon atom is the dominant pathway leading to HCl(v′ = 0) products

in this rotational state (see below).

The overall angular and energy resolutions of the current study are governed by

the number of moments in CM angular scattering and kinetic energy release required

to fit the Legendre moments of the experimental images. To gain an appreciation

of the level of dynamical detail inherent in the data, it is necessary to investigate

the dependence of the returned CM angular scattering and kinetic energy release

distributions, and the relative weighting of the primary and secondary abstraction

channels, on the number of moments employed for each distribution. This depen-

dence is shown in Figure 5.7 for HCl(v′ = 0,j′ = 0, 3 and 6), together with Monte

Carlo error limits determined as outlined in Section 3.4.7. The error bars shown on

the data are the result of the Monte Carlo analysis detailed in Section 3.4.7, and

reflect the uncertainties in the fitting procedure. The truncation point for the num-

ber of basis functions used was determined by observing the dependence of χ2 on

the number of fitting coefficients employed. In the present case, χ2 did not decrease

by a significant amount with inclusion of more than four moments in either the CM
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Figure 5.7: The dependence of the returned CM angular scattering (left) and kinetic
energy release (right) distributions on the number of moments employed. From the
top, the data are for HCl (v′ = 0,j′ = 0, 3 and 6). The solid lines represent fits
to the data using four moments in the CM angular scattering distribution and four
moments in the kinetic energy release distribution. The other lines are fits with basis
sets of dimension (n,m)=(3,3) ( · · · ), (4,5) ( - - -) and (5,5) (− · − · ). The relative
weighting between the two reaction channels for each rotational state are within the
error limits shown in Figure 5.9 (see Table 5.2).

angular scattering distribution or the kinetic energy release distribution. The re-

turned distributions and the relative weighting between the two reaction pathways

are, however, noticeably consistent as the number of moments used is varied. The

relative contributions of the two reaction channels associated with the distributions

shown in Figure 5.7 are given in Table 5.2 and are all seen to lie with the 2σ error

bounds shown in Figure 5.9. These measurements thus confirm that the branching

ratios for the reaction channels are reliably returned.

Fits to the experimental Legendre moments were also carried out allowing differ-

ent CM angular scattering and fractional kinetic energy release distributions to be
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Table 5.2: Relative contributions of the reaction pathways involving abstraction of
a hydrogen atom from primary (1◦) and secondary (2◦) carbons sites determined from
fits using basis sets generated with n Legendre moments in the CM angular scattering
distribution and m Legendre moments in the kinetic energy release distribution. The
CM distributions returned from these fits are shown in Figure 5.7. Error limits for the
optimum (4,4) fit represent 2σ errors resulting from statistical errors in the fit; these
data are shown in Figure 5.9.

HCl(v′ = 0,j′)

0 3 6

(n,m) 1◦ 2◦ 1◦ 2◦ 1◦ 2◦

(3,3) 0.70 0.30 0.42 0.58 0.00 1.00

(4,5) 0.61 0.39 0.44 0.56 0.03 0.97

(5,5) 0.61 0.39 0.43 0.57 0.03 0.97

(4,4)
0.73

(±0.16)
0.27

(±0.16)
0.47

(±0.15)
0.53

(±0.15)
0.00

(±0.23)
1.00

(±0.23)

associated with each channel. The χ2 values returned from these fits were not found

to be significantly lowered with respect to those obtained from the more constrained

fits performed above, despite requiring almost double the number of fitting param-

eters. After appropriate averaging, the CM angular scattering and kinetic energy

release distributions for each reaction pathway returned from these fits were seen

to be in very good agreement with those obtained when the distributions are con-

strained to be the same for each reaction channel. The branching ratios determined

in these fits were also seen to show the same trends as those obtained from the

more constrained fits. Although the results of this analysis present a sensible and

appealing alternative to the more constrained analysis outlined above, the insignifi-

cant improvement in the fits demonstrates that the returned CM angular scattering

and kinetic energy release distributions and the branching ratios are insensitive to

whether or not the CM distributions for the two pathways are separated. It is

therefore believed that constraining the CM angular scattering and fractional ki-
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netic energy release distributions to be the same for reactions involving abstraction

of either a primary or secondary hydrogen atom is justified.

The set of CM angular scattering and kinetic energy release distributions re-

turned from the fits for HCl(v′ = 0,j′ = 0–6) using the current analysis method are

shown in Figure 5.8. A steady trend is clearly seen in the CM angular scattering

distributions, with the predominantly forward scattering of HCl products formed

in low rotational states shifting to more isotropic scattering for the HCl products

formed in the highest rotational states. The kinetic energy release distributions are

insensitive to HCl rotational state, with only a minor trend towards higher kinetic

energy release with higher HCl rotational excitation. Note that the ft values shown

on the x axes in Figure 5.8 refer to the fractional energy release for the specific HCl

quantum state in question.

The relative contributions from pathways 5.1 and 5.2 are plotted against rota-

tional state in Figure 5.9. In general, primary H atom abstraction is seen to be

largely associated with low rotational excitation of the HCl(v′ = 0) products, while

abstraction of a secondary hydrogen atom dominates for HCl(v′ = 0) products pro-

duced with higher rotational energies; this is in good agreement with the qualitative

results drawn from the single channel fits. The nascent HCl product rotational

population distributions for the two pathways may be calculated using the Boltz-

mann rotational temperature of 180 K estimated in the previous Section for the total

HCl(v′ = 0) signal, in conjunction with the relative contributions of each reaction

pathway (see Figure 5.10). The rotational population distributions obtained in this

way show the HCl products of secondary hydrogen atom abstraction to be signif-

icantly rotationally hotter than those of primary hydrogen atom abstraction. The

overall branching ratios determined from the rotational population distributions for

the Cl + n-C4H10 reaction show that 52 ± 6% of products are formed by abstrac-

tion of hydrogen from primary carbon atoms, whilst 48 ± 6% are the products of

secondary hydrogen atom abstraction.

The mean values obtained from the fractional kinetic energy release distributions
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Figure 5.8: Returned CM angular scattering (left) and kinetic energy release (right)
distributions for HCl(v′ = 0,j′ = 0) (top) through to HCl(v′ = 0,j′ = 6) (bottom).
Optimum fits to the data were obtained with four moments in both the CM angular
scattering distribution and the kinetic energy release distribution. Error bars represent
2σ errors resulting from statistical errors in the fits. Note that in the right-hand panels,
the ft scale refers to the state-specific fractional kinetic energy release, which does
not include the rotational energy in the HCl product (see Table 5.3).
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Figure 5.9: The relative contributions to the HCl(v′ = 0,j′) products by abstraction
of hydrogen atoms from primary carbon atoms ( - - ¥ - -) and secondary carbon atoms
( - - ◦ - -). Error bars represent 2σ errors resulting from statistical errors in the fits.

shown in Figure 5.8, 〈ft〉, are corrected for the HCl(v′ = 0,j′) rotational energy and

given in Table 5.3. The mean internal energies in the butyl fragments are seen

to remain fairly constant with HCl rotational state for both reaction pathways. A

weighted mean over the HCl rotational quantum states investigated for each reaction

channel gives the overall average fraction of available energy in internal excitation

of the n- and s-butyl radicals, 〈fint(n-C4H9)〉 and 〈fint(s-C4H9)〉, to be ∼ 0.3 in both

cases. The weights for each quantum state for each channel used in calculating

this average were taken from the HCl(v′ = 0,j′) rotational populations shown in

Figure 5.10.

The data shown in Figures 5.8 and 5.10 may be used to create 2D contour maps

and the corresponding 3D ‘wireframe’ plots of the product flux as a function of

HCl speed and CM scattering angle, P (w, θt). Plots are shown for the products

of hydrogen atom abstraction from primary only, secondary only and both carbon



The Dynamics of the Cl + n-C4H10 Reaction at 0.32 eV 160

T
ab

le
5.

3:
H

C
l(
v
′ =

0,
j′

)
st

at
e-

re
so

lv
ed

,
an

d
st

at
e-

av
er

ag
ed

en
er

gy
d
is
p
os

al
d
at

a
fo

r
th

e
tw

o
p
at

h
w
ay

s
in

th
e

C
l+

n
-C

4
H

1
0
re

ac
ti
on

.
T

h
e

d
at

a
h
av

e
b
ee

n
ob

ta
in

ed
as

su
m

in
g

m
ea

n
av

ai
la

b
le

en
er

gi
es

of
32

80
cm

−1
fo

r
pr

im
ar

y
H

at
om

ab
st

ra
ct

io
n

an
d

45
10

cm
−1

fo
r

se
co

n
d
ar

y
H

at
om

ab
st

ra
ct

io
n
.

T
h
e

er
ro

rs
on

th
e

st
at

e-
re

so
lv

ed
〈f

t〉
va

lu
es

ar
e

ty
p
ic

al
ly
±0

.0
5.

T
h
e

av
er

ag
in

g
ov

er
ro

ta
ti
on

al
st

at
e

w
as

p
er

fo
rm

ed
u
si
n
g

a
B

ol
tz

m
an

n
ro

ta
ti
on

al
p
op

u
la

ti
on

d
is
tr

ib
u
ti
on

ca
lc

u
la

te
d

at
18

0
K

fo
r

th
e

H
C
l(
v
′ =

0)
pr

o
d
u
ct

s,
w
ei

gh
te

d
by

th
e

co
n
tr

ib
u
ti
on

of
ea

ch
p
at

h
w
ay

fo
r

th
e

ro
ta

ti
on

al
st

at
e

in
q
u
es

ti
on

.
H

C
l(
v
′
=

1)
h
as

b
ee

n
sh

ow
n

to
b
e

pr
o
d
u
ce

d
in

n
eg

lig
ib

le
q
u
an

ti
ti
es

in
th

e
re

ac
ti
on

s
of

C
l
w

it
h

b
ot

h
C

3
H

8
an

d
i-

C
4
H

1
0

at
si
m

ila
r

co
lli

si
on

en
er

gi
es

[2
15

,2
16

],
an

d
is

th
u
s

n
eg

le
ct

ed
,
d
es

p
it
e

b
ei

n
g

en
er

ge
ti
ca

lly
ac

ce
ss

ib
le

in
b
ot

h
re

ac
ti
on

p
at

h
w
ay

s.

C
l
+

n
-C

4
H

1
0
G
G
G
G
A

H
C

l
+

n
-C

4
H

9
C

l
+

n
-C

4
H

1
0
G
G
G
G
A

H
C

l
+

s-
C

4
H

9

H
C

l(
v
′ =

0,
j′

)
f r

o
t(

H
C

l)
〈f

t〉
〈f

in
t(

n
-C

4
H

9
)〉

f r
o
t(

H
C

l)
〈f

t〉
〈f

in
t(

s-
C

4
H

9
)〉

0
0.

00
0.

72
0.

28
0.

00
0.

73
0.

27

1
0.

01
0.

75
0.

24
0.

00
0.

76
0.

24

2
0.

02
0.

67
0.

31
0.

01
0.

68
0.

31

3
0.

04
0.

62
0.

34
0.

03
0.

64
0.

33

4
0.

06
0.

66
0.

28
0.

05
0.

68
0.

28

5
0.

10
0.

68
0.

23
0.

07
0.

70
0.

22

6
0.

14
0.

59
0.

27
0.

10
0.

62
0.

28

A
ve

ra
ge

0.
02

0.
69

0.
29

0.
04

0.
68

0.
28



The Dynamics of the Cl + n-C4H10 Reaction at 0.32 eV 161

R
el

at
iv

e 
p

o
p

u
la

ti
o

n

0 1 2 3 4 5 6

j'

Figure 5.10: The rotational population distributions for the HCl(v′ = 0,j′) products
formed by abstraction of hydrogen atoms from primary carbon atoms ( - - ¥ - -) and
secondary carbon atoms ( - - ◦ - -), calculated using the relative contributions of each
channel determined from the fits (see Figure 5.9) and assuming a Boltzmann distri-
bution for the total rotational population characterised by a rotational temperature
of 180K ( - - ¨ - -). Error bars represent 2σ errors resulting from statistical errors in
the fits.

sites in Figure 5.11. In generating these plots, the CM angular scattering and ki-

netic energy release distributions for the individual HCl rotational states have been

averaged using the same weighting factors as above. The contour map for primary

hydrogen atom abstraction is seen to have a smaller radius than that for secondary

hydrogen atom abstraction, reflecting the lower exothermicity of this reaction path-

way. The broader angular scattering distribution seen for secondary hydrogen atom

abstraction results from the greater contribution to rotationally excited HCl(v′ = 0)

products from this reaction pathway. The contour map calculated for the overall

reaction including both pathways mimics the results that would be obtained from a

crossed molecular beam experiment without product quantum state resolution.
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Figure 5.11: Contour map and ‘wireframe’ plots of the product velocity-angle flux
averaged over HCl rotational state for abstraction of hydrogen atoms from (a) primary
and (b) secondary carbon sites. Plots (c) correspond to the total flux for the reaction,
where both primary and secondary hydrogen atoms are abstracted. The plots were
obtained using the results shown in Figures 5.8 and 5.10.
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5.4 Discussion

As discussed in the previous Section, new results on the reaction of atomic chlorine

with n-butane have been obtained using photoloc velocity-map ion imaging. Product

rotational state resolved CM angular scattering distributions, kinetic energy release

distributions and the relative contributions of hydrogen atom abstraction from pri-

mary and secondary carbon sites to the total were obtained for HCl(v′ = 0,j′ = 0–6)

using a basis function fitting analysis of the Legendre moments of the ion images.

5.4.1 Rotational Population Distribution

Based on the observed relative signal intensities for the transitions studied, the

total nascent HCl rotational population distribution for both reaction channels

was estimated to be described by a rotational Boltzmann temperature of around

180 K. This rotational Boltzmann temperature is higher than the ∼ 70–100 K esti-

mated by Koplitz and co-workers for both the HCl and DCl products of the reac-

tions of atomic chlorine with the selectively deuterated propanes CH3CD2CH3 and

CD3CH2CD3 [224]. The HCl products of the Cl + n-C4H10 reaction in the current

study were also found to be slightly rotationally hotter than those of the Cl + i -

C4H10 reaction studied by Varley and Dagdigian [216]. The difference is thought to

arise from the differing contributions made by the primary, secondary and tertiary

hydrogen atoms to the reactivities of the two systems (there are six primary and

four secondary hydrogen atoms in n-C4H10, whilst there are nine primary hydrogen

atoms and only one tertiary hydrogen atom in i -C4H10). The higher exothermicity

associated with secondary and tertiary hydrogen atom abstraction may be linked

to higher rotational excitation of the HCl products, as shown in the previous Sec-

tion. The product HCl rotational population distribution determined by Varley and

Dagdigian for the reaction of atomic chlorine with propane [215] and that returned

for the HCl products from the reaction of chlorine atoms with n-butane using the

rotational Boltzmann temperature of ∼ 180 K are shown in Figure 5.12. The strong

similarity between the rotational population distributions for the two reactions is
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Figure 5.12: The rotational population distribution for the HCl(v′ = 0,j′) products
of the Cl + n-C4H10 reaction calculated using a Boltzmann rotational temperature
of 180K ( - - ¥ - -) and the HCl(v′ = 0,j′) rotational population distribution measured
by Varley and Dagdigian for the Cl + C3H8 reaction ( - - ◦ - -) [215].

thought to be a reflection of the comparable ratios of primary to secondary hy-

drogen atoms in propane and n-butane (3:1 and 3:2, respectively), and the similar

exothermicities of the respective channels in the two reactions.

From the rotational population distributions shown in Figure 5.10, the HCl prod-

ucts of abstraction of primary hydrogen atoms are found to be formed with an

average rotational energy of around 60 cm−1, while secondary hydrogen atom ab-

straction is found to yield HCl products with an average rotational energy of around

170 cm−1. This degree of rotational excitation in the products of the two reaction

pathways is in good agreement with the results of Varley and Dagdigian for the

Cl + CD3CH2CD3 and Cl + (CH3)3CD reactions, where in the former the average

rotational energies were found to be 84 cm−1 and 110 cm−1 for the DCl and HCl

products respectively [215], while in the latter the HCl and DCl products were found

to have average rotational energies of 50 cm−1 and 100 cm−1, respectively [216].
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Figure 5.13: A comparison of the rotational quantum state population distribution
for the HCl(v′ = 0,j′) products formed by abstraction of hydrogen atoms from primary
carbon atoms in the Cl + n-C4H10 reaction ( - - ¥ - -) (as shown in Figure 5.10) with
the experimental nascent rotational quantum state population distributions for the
HCl(v′ = 0,j′) products of the Cl + C2H6 reaction measured by Zare and co-workers ( -
- ◦ - -) [151] and by Orr-Ewing and co-workers ( - - • - -) [207]. The error bars represent
2σ confidence limits; each distribution has been normalised in the j′ range shown.

As can be seen in Figure 5.13, the rotational population distribution determined

for the primary abstraction channel is very similar to those measured by Zare and

co-workers [151] and Orr-Ewing and co-workers [207] for the Cl + C2H6 reaction, in

which hydrogen atoms are available for abstraction from primary carbon sites only.

This suggests that the dynamics observed for primary hydrogen atom abstraction

may arise from a similar mechanism operating in both reactions.

5.4.2 Branching Ratio

Closely related to the rotational population distributions for the two reaction chan-

nels is the branching ratio between them. Overall, 52± 6% of products are found to
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be formed by abstraction of hydrogen from primary carbon atoms, whilst 48±6% are

the products of secondary hydrogen atom abstraction. Expressed in terms of the rel-

ative reactivity of the primary and secondary carbon sites, where the 3:2 statistical

abundance of primary to secondary H atoms has been allowed for, this corresponds

to abstraction of an atom in the secondary position being favoured by a factor of

1.4± 0.2 over that of abstraction of an atom in the primary position. The value de-

termined here shows the same, albeit rather lower, propensity as that obtained from

the kinetics studies by Tyndall et al. [191] and Sarzynksi and Sztuba [184], where,

allowing for the statistical abundances, secondary H atom abstraction was seen to

be favoured by a factor of 3.7 over primary H atom abstraction. This difference

may originate from the significantly lower collision energies sampled in the thermal

kinetic study compared to the collision energy provided by the fast-moving chlorine

atoms in the current photoloc study and also from the different activation energies

for the two reaction pathways. The positive activation energy for abstraction of hy-

drogen from primary carbon sites indicates a barrier in this reaction pathway, whilst

no such barrier is present for secondary hydrogen atom abstraction, where the ‘ef-

fective’ activation energy is found to be negative [184]. The thermalized Cl atoms

used in the kinetic studies provided the low mean collision energy of ∼ 0.03 eV, with

the result that the barrierless abstraction of hydrogen atoms from secondary carbon

sites is thus favoured over abstraction of hydrogen atoms from primary carbon sites.

The much higher collision energies of around 0.32 eV afforded by Cl2 photolysis,

however, lie well above the barrier to primary H atom abstraction, resulting in the

lower enhancement in the reactivity of the secondary carbon atom site obtained

from the current study. The reactivity enhancement for the secondary hydrogen

atom abstraction pathway seen in the present experiment is also lower in compari-

son with that seen in propane: allowing for the 3:1 statistical abundance of primary

to secondary H(D) atoms, Koplitz and co-workers found abstraction of hydrogen

and deuterium atoms from the secondary carbon site to be favoured by a factor of

2–3 over abstraction from a primary carbon site in the Cl + CH3CD2CH3 and Cl
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+ CD3CH2CD3 reactions [224]; while Varley and Dagdigian found abstraction from

the secondary carbon site to be favoured by a factor of 2.7± 0.5 over that from the

primary site in the Cl + CD3CH2CD3 reaction. Varley and Dagdigian also found

abstraction of the deuterium atom from the tertiary carbon site in (CH3)3CD to

demonstrate a greater enhanced reactivity over the primary carbon sites, for which,

allowing for the 9:1 statistical abundance of primary H to tertiary D atoms, the

factor was determined to be 2.7± 0.3 [216].

5.4.3 Angular Scattering Distributions

A steady trend with HCl product rotational quantum state is seen in the CM angular

scattering distributions returned from the Legendre moment fitting analysis: prod-

ucts formed in low rotational levels are seen to be predominantly forward scattered,

with the relative intensity of the forward peak reducing with increasing rotational

excitation, such that the CM scattering distribution for products in the highest

probed rotational quantum state is seen to be almost isotropic.

Following completion of the work presented here, Toomes and Kitsopoulos re-

ported CM angular scattering distributions for the Cl + n-C4H10 reaction at a

collision energy of 0.32 eV obtained using the ‘crossed’ parallel beam technique dis-

cussed in Section 4.4.1 [77]. Angular scattering distributions were extracted from

the experimental images by direct integration of the raw data over velocity. As was

noted previously, unlike forward convolution methods, this approach does not take

into account the differing sensitivities to forward and backward scattered products

or the speed distribution of the Cl atoms. An additional shortcoming of the direct

inversion technique is that differentiation between the two available reaction path-

ways was not possible. The CM angular scattering distributions obtained from the

experiments of Toomes and Kitsopoulos are compared with the results of the present

investigation in Figure 5.14. The distributions obtained from the two experiments

are seen to be in very good agreement, providing strong support for the credibility

of both sets of results.
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Figure 5.14: Comparison between the CM angular scattering distributions obtained
in the present study (—) and those obtained from the ‘crossed’ parallel beam exper-
iments of Toomes and Kitsopoulos ( - - -) [77, 218]. From top to bottom, data are
shown for HCl(v′ = 0,j′ = 1, 3 and 5).
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Comparison of the total CM velocity-angle flux map for the Cl + n-C4H10 re-

action shown in Figure 5.11 with that obtained by Suits and co-workers for the Cl

+ C3H8 reaction (see Figure 5.2) reveals that, overall, a greater degree of forward

scattering is seen in the current photoloc study than in the crossed molecular beam

experiment. Abstraction of a hydrogen atom from a primary carbon site is seen

from the present results to be associated with predominantly forward scattering,

while more isotropic and less forward peaked scattering is seen for the products of

secondary hydrogen atom abstraction. The results of the crossed molecular beam

experiments by Suits and co-workers on the Cl + C3H8 and Cl + n-C5H12 reactions

initially suggested the opposite assignment, namely that hydrogen atom abstraction

from a primary carbon site was associated with backward scattering of the products,

while abstraction of hydrogen atoms from secondary carbon sites yielded forward

scattered products [222, 223]. This assignment was later brought into question by

the results of the Cl + C2H6 reaction presented in Chapter 4, in which only pri-

mary hydrogen atoms were available for abstraction and the products were seen to

be predominantly forward scattered. Re-assignment of the results of the crossed

molecular beam experiments on the Cl + C3H8 and Cl + n-C5H12 reactions in the

light of these new results brings them into agreement with the assignment for the

Cl + n-C4H10 reaction presented here [222, 223, 247].

The differing propensities in the CM angular scattering of the products formed

via the two abstraction pathways, and the different HCl product rotational excita-

tion associated with each, suggests that two reaction mechanisms may be needed

to explain the dynamics of the Cl + n-butane system. Consider first the mildly

exothermic primary hydrogen atom abstraction channel, producing forward scat-

tered HCl products formed in low rotational states. The dynamical characteristics

of this abstraction pathway appear to match strongly those of a peripheral chemical

reaction, in which abstraction of an atom at the periphery of a reagent [220] leads

to forward scattering of the products of a direct exoergic atom transfer reaction.

As was mentioned in Section 5.2.2, transition state calculations on the Cl + C3H8
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and Br + n-C4H10 systems suggest that the optimum geometry for both abstraction

channels in the Cl + n-butane reaction is likely to be that in which the Cl–H–C

atoms are arranged collinearly. In this arrangement, the impact parameter, b, for the

abstraction of a hydrogen atom from a primary carbon site is necessarily non-zero

and relatively large. This corresponds to an opacity function, P (b), for this reaction

pathway which is zero (or very small) at low b and which peaks at impact parameters

on the order of the distance from the centre-of-mass of the n-butane molecule to

the chlorine atom in the transition state, ∼ 4 Å (i.e., the periphery of the n-C4H10

molecule). A similar mechanism, albeit less extreme than that considered here, was

also suggested for the Cl + C2H6 reaction (where abstraction can take place only

from primary carbon sites) in Section 4.4.1, for which the HCl(v′ = 0,j′) rotational

population distribution and rotational state resolved CM angular scattering distri-

butions are seen to be very similar to those determined for the primary abstraction

pathway here. Owing to the smaller overall size of ethane compared to n-butane,

however, the opacity function for the reaction of chlorine with ethane is likely to be

non-zero at much lower impact parameters and extend to significantly smaller values

of b. This may be the origin of the slightly greater amount of backward scattering

seen in the Cl + C2H6 reaction when compared to abstraction of hydrogen from a

primary carbon site in n-butane.

The more exothermic abstraction of a hydrogen atom from a secondary carbon

site produces more isotropically, but forward peaking, scattered HCl products that

are (relatively) rotationally excited. As for abstraction of a hydrogen atom from a

primary carbon site, this reaction pathway is expected to be direct and to have a

collinear transition state. From similar considerations to those used in the primary

reaction channel, the estimated range of impact parameters over which the opacity

function for this reaction pathway is expected to be non-zero extends from b = 0

to approximately 2.5 Å. For a direct reaction occurring primarily at low impact

parameters, products are expected to be predominantly backward scattered. Whilst

the observed scattering is not as extreme as this, greater backwards and sideways
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scattering is seen for this reaction pathway than for abstraction of a hydrogen atom

from a primary carbon site, and a more rebound-type mechanism is thus suggested

for this reaction channel. This is consistent with the higher rotational excitation

found for the HCl products formed in this reaction pathway. Forward scattering of

the products of secondary hydrogen atom abstraction may be taken as an indication

of a wide cone of acceptance, for which the approach of the chlorine atom is not

tightly constrained to be collinear with the breaking C–H bond. Release of energy

along the axis of the C–H bond for these slightly bent transition states yields rota-

tional excitation of the HCl products, as observed for this reaction pathway. The

observed scattering dynamics can thus be well accounted for through this interplay

between the impact parameter and the angle of approach of the reactants.

Proposed schematic opacity functions for the two abstraction pathways are shown

in Figure 5.15. The reaction cross-section, σr, may be written in terms of the opacity

function as

σr =

∫ ∞

0

2πbP (b) db, (5.10)

where 2πb db is the element of the total collision cross-section and P (b) is the fraction

of collisions at an impact parameter b that leads to reaction. The opacity functions

for the two reaction channels have been scaled such that the reaction cross-sections

returned from them using Equation 5.10 reflect the degree to which abstraction from

a secondary carbon site is favoured over that from a primary carbon site, allowing

for the 3:2 statistical abundance of primary to secondary H atoms. The thermal

rate constant, k(T ), given by the average 〈vσr〉, where v is the relative speed of the

reagents, derived from these opacity functions is in broad agreement with the kinetic

data obtained by Sarzynski and Sztuba [184].

5.4.4 Energy Partitioning

On average, just under 30% of the available energy is seen to be channelled into

the internal modes of both the n- and s-butyl radical co-products. Owing to the

different exothermicities for the two reaction pathways, this corresponds to energies
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Figure 5.15: Schematic opacity functions for abstraction of hydrogen atoms from
primary (—) and secondary( - - -) carbon sites in the Cl + n-butane reaction. The
two distributions have been scaled relative to each other such that the reaction cross-
sections, σr, obtained from them using Equation 5.10 reflect the differing reactivities
determined for the two abstraction sites.

of around 950 cm−1 and 1260 cm−1 being partitioned into internal excitation of the

n-butyl and s-butyl co-fragments, respectively. The HCl rotational state resolved

product speed distributions obtained from the ‘crossed’ parallel beams experiments

by Toomes and Kitsopoulos described in the previous Section suggest a similar level

of excitation of the internal modes in the butyl co-products, despite differentiation

between the two reaction pathways not being possible in their study [77]. The mean

fractions of the total available energy found in internal excitation of the n-butyl and

s-butyl co-fragments in the present investigation are slightly higher than the 22%

found for the ethyl radical products of the Cl + C2H6 reaction (see Section 4.4.2).

This may be a reflection of both the higher collision energy employed in the Cl +

n-C4H10 reaction and of the greater number of low energy internal modes in the

butyl radical compared with the ethyl radical. The level of rotational excitation of
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the HCl products is very similar in the two reaction systems.

In their crossed molecular beam study on the reaction of chlorine with propane,

Suits and co-workers found that 40–50% of the available energy was deposited into

the internal modes of the HCl and propyl products, with most of this energy con-

cluded to be directed into the propyl radicals [222]. This is significantly greater

internal excitation of the alkyl co-fragment than found here for either the Cl + n-

C4H10 or Cl + C2H6 reactions. Also note that more backward scattering was seen

in the Cl + C3H8 crossed molecular beam study than in the current photoloc inves-

tigations into the reactions of chlorine with n-butane and ethane. It is possible that

these two observations may be linked and could, perhaps, be symptomatic of a sys-

tematic error in the crossed molecular beam experiments of Suits and co-workers.

In these experiments, the alkyl fragments are detected using vacuum ultraviolet

synchrotron radiation to effect photoionisation of the alkyl radicals, with the re-

sulting ions detected mass spectrometrically. If alkyl radical products in which the

internal modes are excited are preferentially ionised (and therefore detected), then

the overall energy disposal obtained from the resulting data will be biased towards

greater internal excitation of the alkyl products. Furthermore, alkyl products that

are backwards scattered are generally likely to be more internally excited than those

that are forward scattered, and thus there will also be a bias towards the detection

of backwards scattered products. A similar difference between the results of crossed

molecular beam experiments using photoionisation of alkyl products by Suits and

co-workers and those from photoloc studies of the co-fragments has been seen in the

reactions of O(3P) with saturated hydrocarbons [74–76]. Bulb experiments carried

out by Kajimoto and co-workers with Doppler-resolved laser induced fluorescence

detection of the OH fragments find the products of the reactions of O(3P) with

isobutane and cyclohexane to be almost isotropically scattered [249, 250]. In the

case of the O(3P) + c-C6D12 reaction, around 60% of the available energy was seen

to be deposited into the cyclohexyl products. At similar collision energies, how-

ever, Suits and co-workers find the i -C4H9 and c-C6D11 fragments to be strongly
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backward scattered, with a slightly greater fraction of the available energy found as

internal excitation of the alkyl products [75].

5.4.5 Internal Excitation of the Butyl

Two possible sources of the butyl product internal excitation yield n-butyl and s-

butyl radicals which are either predominantly rotationally, or predominantly vibra-

tionally, excited. The internal excitations of the two butyl radicals will be considered

separately due to the differing mechanisms and exothermicities associated with the

two reaction pathways.

n-Butyl Products

Consider first the abstraction of a hydrogen atom from a primary carbon site in

n-butane. Assuming that the product n-butyl radical is well approximated as a

rigid prolate near-symmetric top with a rigid carbon frame, the rotational levels are

given approximately by

F (J,K) ' B̄J(J + 1) + (A− B̄)K2, (5.11)

where, assuming the n-butyl radical takes on the lowest energy conformation, the

average rotational constant about the b or c axes, B̄ = 0.5(B + C), is calculated

to be ∼ 0.123 cm−1, and the rotational constant about the a axis, A, is calculated

to be ∼ 0.827 cm−1 [251]. If all the energy observed to be channelled into internal

excitation of the n-butyl radicals was rotational in origin, in the two extreme cases

this would correspond to end-over-end rotational excitation of n-butyl to F (J '
88, K = 0), or rotational excitation about the a axis to F (J = K ' 34). Similar

considerations to those used in the discussion of the internal excitation of the ethyl

product of the Cl + C2H6 reaction in Section 4.4.3, where an impulsive release

of the reaction exothermicity along the breaking C–H bond in the transition state

geometry was seen to impart a torque on the alkyl fragment, lead to the generation of
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n-butyl rotational angular momenta of ∼ 40~ for end-over-end rotation, or of ∼ 25~

for rotation about the a axis. This estimate is a lower limit since, experimentally,

the energy partitioned into the n-butyl radical is found to be rather greater than the

reaction exoergicity of ∼ 700 cm−1. In a peripheral mechanism, higher torques may

be expected to be imparted on the n-butyl radical from abstraction of the hydrogen

atom by a fast moving chlorine atom. Note that the actual rotation is likely to be

about all three axes with intermediate values of J and K, since the breaking C–H

bond is not necessarily in the plane of the carbon backbone. End-over-end rotation

is expected to dominate, however, due to the larger torque exerted for this motion.

Energy release into the vibrational modes of the n-butyl products may be asso-

ciated with relaxation of the –CH2 moiety in the nascent radical from the pyramidal

geometry expected to be adopted in the transition state, to the near planar arrange-

ment in the free n-butyl radical [252]. This change in geometry could give rise to

excitation of the out-of-plane –CH2 rocking mode;8 the frequency of this mode has

been measured to be 520 cm−1 and its motion is thought to be almost independent

of the non-radical portion of the hydrocarbon chain [252–255]. From the similarities

in the vibrational frequencies of the radical rocking modes and the transition state

geometries between this abstraction pathway and the Cl + C2H6 reaction, one would

expect a similar vibrational state distribution to be predicted by the Franck–Condon

overlap model for primary hydrogen abstraction from n-butane to that calculated

for the Cl + C2H6 reaction in Section 4.4.3. The vibrational state distribution re-

turned from this analysis was seen to be very broad with a peak at v′ = 4. As found

for the reaction of chlorine with ethane, the level of vibrational excitation predicted

by this model for the n-butyl radical is unrealistically high. However, lower levels of

excitation could be generated if there was a more gradual relaxation of the geometry

of the CH2 moiety from the transition state to the products.

8This vibrational mode is referred to as the ‘radical umbrella’ mode in Refs. [253] and [254],
and as the ‘radical bend’ in Ref. [252].
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s-Butyl Products

Assuming that the s-butyl radical formed by abstraction of a hydrogen atom from a

secondary carbon site in n-butane may also be well approximated to a rigid prolate

near-symmetric top with a rigid carbon frame that has energy levels given by Equa-

tion 5.11, the average rotational constant about the b or c axes, B̄ = 0.5(B + C), is

calculated to be ∼ 0.118 cm−1, while the rotational constant about the a axis, A, is

calculated to be ∼ 0.891 cm−1 [251]. The maximum rotational state accessible if all

the observed available energy deposited into internal modes of the s-butyl is found

as end-over-end rotation is F (J ' 104, K = 0), or for rotational excitation about

the a axis, F (J = K ' 38). Impulsive release of the reaction exothermicity along

the breaking C–H bond in the transition state is not expected to yield such high

levels of end-over-end rotation, but is more likely to excite rotation about the a axis.

The axis of the breaking bond passes very close to the centre-of-mass of the s-butyl,

thus such an impulse will exert only a very small torque on the nascent molecule,

and owing to the high moments of inertia about the b and c axes, the components of

the impulse about these axes will yield only modest levels of end-over-end rotational

excitation. Using a transition state geometry based on the structure of n-butane,

this is indeed seen to be the case, with end-over-end rotational angular momenta of

only ∼ 34~ (∼ 140 cm−1) found to be generated. The moment of inertia about the

a axis is much lower, however, and the component of the impulse about this axis is

thus expected to induce higher levels of rotation about this axis. Rotational angular

momenta of ∼ 28~ (∼ 710 cm−1) are calculated to be generated for rotation about

the a axis. The principal rotational motion of the s-butyl products is thus thought

to be around the a axis. As in the case of the n-butyl radical, the actual rotation

will be about all three axes, with lower values for J and K than predicted from the

extremes presented here.

Very little is known about the vibrational modes of the s-butyl radical, and thus

discussion about energy release into these modes will be limited. Relaxation of the

>C–H moiety from the expected pyramidal geometry of the transition state to the
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more planar equilibrium geometry in the free s-butyl radical is likely to excite the

out-of-plane rocking mode. The frequency of the out-of-plane >C–H rocking mode

in s-butyl is likely to be similar to that in isopropyl, ∼ 364 cm−1 [255]; the next

lowest vibrational mode in the isopropyl radical is the C–C stretch with a frequency

of ∼ 880 cm−1 [255]. The lower frequency of the out-of-plane >C–H rocking mode

in s-butyl compared to the out-of-plane –CH2 rocking mode in n-butyl, suggests

a smaller force constant for this mode. One would therefore expect, for a similar

change in the dihedral angle on going from the transition state to the s-butyl radical,

the Franck–Condon model to predict vibrational excitement to a greater extent in

the s-butyl fragment than was found in either the ethyl or n-butyl radicals. The

predicted vibrational excitation was seen to be unreasonably high in these previous

cases, so a greater vibrational excitation of the rocking mode for the s-butyl radical

is also expected to be unreasonable. Note that excitation of the C–C stretching

modes in the carbon backbone is also energetically allowed and cannot be ruled out

as being associated with the internal excitation of the s-butyl fragment.

5.5 Summary

Using the Legendre moment analysis method, rotational state resolved CM angu-

lar scattering and kinetic energy release distributions have been determined from

experimental velocity-map ion images of the HCl(v′ = 0,j = 0–6) products of the

reaction of chlorine with n-C4H10. The relative contributions of the two abstraction

pathways in the reaction have been obtained for each HCl(v′ = 0) rotational state

investigated. Abstraction of a hydrogen atom from a primary carbon site is seen

to produce rotationally very cold HCl(v′ = 0) products that are forward scattered,

whereas abstraction of a hydrogen atom from a secondary carbon site yields more

isotropically scattered HCl(v′ = 0) products formed with higher rotational excita-

tion. The reaction is believed to proceed via two simultaneously mechanisms: a

peripheral reaction mechanism is thought to operate for the primary hydrogen atom

abstraction channel, whilst a more rebound-type mechanism is seen to account for
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the dynamics of the secondary abstraction channel. The returned kinetic energy re-

lease distributions show that around 30% of the available energy is found as internal

excitation of the n-butyl and s-butyl products. Possible sources of this excitation

have been discussed.



Chapter 6

The Dynamics of the Cl + CH4 Reaction

6.1 Introduction

Abstraction of a hydrogen atom from methane by chlorine represents the simplest

of the reactions of chlorine atoms with saturated hydrocarbons and as such pro-

vides a good test of both experiment and theory. The methyl radical products are

amenable to direct rovibrational state selective detection via (2+1) REMPI, allow-

ing the experimental difficulties associated with the high levels of background HCl

signal encountered for the Cl + C2H6 and Cl + n-C4H10 reactions to be avoided.

Through investigation of the reactions1

Cl + CH4 GGGGA HCl + CH3 ∆rH
◦−
0 = −5.0 kJ mol−1 (6.1)

Cl + CD4 GGGGA DCl + CD3 ∆rH
◦−
0 = −11.5 kJ mol−1 (6.2)

Cl + CH3D GGGGA HCl + CH2D ∆rH
◦−
0 = −5.5 kJ mol−1 (6.3)

GGGGA DCl + CH3, (6.4)

the aim of the current study is to clarify and explain some of the discrepancies that

have arisen from the various experimental and theoretical studies carried out pre-

1Enthalpies of reaction calculated using D0
0(H–Cl) = 427.64 ± 0.02 kJ mol−1 [177, 178] and

D0
0(H–CH3) = 432.64 ± 0.29 kJ mol−1 [256]. The thermochemistry for the reactions with CD4 and

CH3D were calculated from zero point energy differences based on vibrational frequencies [255]
and using D0

0(D–Cl) = 432.59 ± 0.01 kJmol−1 [257]. In these calculations, the CH2D vibrational
frequencies were taken as those evaluated in Ref. [258].

179
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viously and to provide a framework within which the origin of these inconsistencies

may be understood. A brief overview of these previous investigations is provided in

the following section, with the aim of placing the current work in context.

6.2 Previous Work on the Cl + CH4 Reaction

6.2.1 Kinetics Studies

Owing to its importance in both atmospheric and combustion chemistry, the kinetics

of the Cl + CH4 reaction have been the subject of study for almost fifty years. Ki-

netic work to date has spanned the wide temperature range of 181–1104 K [185, 189,

190, 200, 259–272], with particularly good agreement between the results obtained

by both direct and relative rate methods at the lower end of this temperature range.

The direct measurements, which yield the absolute rate constant, have generally

employed similar techniques to those used in the kinetic studies of the Cl + C2H6

reaction that were outlined in Section 4.2.1. Reviews of the resulting rate constants

can be found, for example, in Refs. [195–199, 271]. The recommended value of the

absolute rate coefficient, k, given by these reviews is 1.0 × 10−13 cm3 molecule−1 s−1

at 298 K. Of particular relevance to the present study is that the reaction is seen

to exhibit pronounced non-Arrhenius behaviour at both low and high temperatures.

A variety of factors have been proposed to account for this behaviour. Heneghan et

al. [273] showed that the estimated temperature dependence of the transition state

heat capacity can lead to non-Arrhenius behaviour at high temperatures. Several

studies have indicated that quantum mechanical tunnelling contributes to the cur-

vature in the Arrhenius plots at low temperatures [198, 199, 263, 267, 274–277]. Rav-

ishankara and Wine [200] suggested that the non-Arrhenius behaviour and the large

variability in the low temperature measurements could be attributed to differential

reactivity between the thermally populated ground state Cl(2P3/2) and spin-orbit

excited Cl(2P1/2) atoms. However, the electronic quenching rates on which this

analysis was based have since been demonstrated to be inaccurate [190, 278], with
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recent studies indicating that the reaction of CH4 with Cl(2P1/2) is not significantly

faster than that with Cl(2P3/2) [270, 279]. The enhanced reactivity of thermally

populated vibrationally excited methane molecules has also been investigated as a

source of curvature in the Arrhenius plots. An enhancement of the reaction prob-

ability through excitation of the CH4 stretching modes was concluded to influence

the rate of reaction at high temperatures strongly [198, 199]. Very recently, Bryukov

et al. [272] combined new absolute experimental rate constants for the Cl + CH4

reaction, measured using the discharge flow/resonance fluorescence technique over

the temperature range of 295–1104 K, with those determined in the previous stud-

ies. A good fit to the resulting data set was achieved using the modified Arrhenius

expression

k = (5.69× 10−19) T 2.49 e−609/T cm3 molecule−1 s−1 (200–1104K). (6.5)

In the narrower temperature range of 200–300 K, however, the data are seen to be

reproduced reasonably well using the simple Arrhenius expression, k = A e−Ea/RT ,

with pre-exponential factor, A = 6.6 × 10−12 cm3 molecule−1 s−1, and an activation

energy of Ea/R = −1240 (±200) K [195].

Although there have been several measurements of the kinetic isotope effects

for the reaction of chlorine atoms with the complete set of deuterated methanes,

disagreement over some of the reported values remains. This has been discussed

in detail by Boone et al. in light of further experiments and theoretical calcula-

tions [280]. An average of the results of direct and indirect measurements yields the

rate constants k(Cl+CH3D) = (6.2±0.2) × 10−14 cm3 molecule−1 s−1 [260, 270, 280–

283] and k(Cl + CD4) = (6.72± 0.02) × 10−15 cm3 molecule−1 s−1 [280, 283–285] in

the temperature range 295–305 K. The rate constants are seen to decrease with

increasing deuteration due to a primary kinetic isotope effect, i.e., the activation

energy for breaking a C–D bond is greater than that for a C–H bond due to the

lower zero point energy of the more deuterated methane.
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6.2.2 Dynamical Studies

In addition to the kinetic studies, there have been numerous experimental attempts

to elucidate the dynamics of the reaction of atomic chlorine with methane [109, 111,

208, 210, 214, 258, 279, 286–293]. Much of the work has been performed by Zare and

co-workers, and has mainly addressed the enhancement and control of the reaction

cross-section by vibrational excitation of the methane reactants [109, 111, 208, 210,

279, 286–291]. The Cl atom reactions with CH4 and CHD3 excited by one quantum

in the antisymmetric stretching modes, ν3 = 1 and ν1 = 1 respectively, were seen

to yield HCl products with similar rovibrational state resolved CM angular scat-

tering distributions. The HCl(v′ = 1,j′) products of both reactions, accounting for

∼ 30% of those observed in each case, were found to be formed rotationally cold

and were seen to be predominantly forward scattered with a backward peak that

was seen to increase with increasing j′. A hotter rotational population distribution

was determined in both reactions for the HCl(v′ = 0,j′) products, which were seen

to be scattered in the backwards and sideways directions. By comparison with the

reactivity of methane in the absence of infrared excitation, a vibrational enhance-

ment for excitation of the antisymmetric stretch in CH4 of 30± 15 was obtained at

a mean collision energy of 0.16 eV [208]. This value is strongly supported by recent

calculations based on the non-Arrhenius behaviour seen in the kinetics experiments

by Michelson and Simpson, from which a vibrational enhancement factor of 36 was

determined [198, 199]. This enhancement was envisaged as arising from a lowering

of the reaction barrier and a corresponding opening of the cone of acceptance of the

reaction upon vibrational excitation of the methane reactant. These studies were

extended to the excitation of two quanta of stretch in CH4 and its isotopomers [288–

290]. The results indicated that the methyl products were formed without significant

energy redistribution of the initially prepared vibrational state [289] and, further-

more, that the reaction can be controlled to achieve both selective bond breaking and

a specific vibrational mode population distribution in the products [289, 290]. The

data support the view that the reaction with vibrationally excited methane remains
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direct [289] and that the CH3 moiety behaves essentially as a spectator [290].

A particularly interesting and controversial aspect of the dynamics of the title

reaction has been the role played by the low frequency torsional (ν2) and/or umbrella

bending (ν4) modes of CH4 in promoting reaction. Kandel and Zare were the first to

note that the CH3 products of the Cl + CH4 reaction are born with too much kinetic

energy for them to have been produced exclusively by reaction of Cl(2P3/2) with

ground vibrational state CH4 [287]. The LAB frame velocity distribution of the CH3

products was interpreted in terms of the competing reactivity of Cl with ground state

and with torsion- and bend-excited methane. Subsequent experiments by Zare and

co-workers demonstrated that the product velocity distribution was incompatible

with reaction of methane with spin-orbit excited Cl(2P1/2) atoms [279], which could

have been another possible source of the high kinetic energy products [208], and

that the reaction of Cl(2P1/2) with CH4 near threshold was insignificant. Note

that Cl(2P1/2) atoms are not produced in significant quantities by photolysis of

Cl2 at wavelengths between ∼ 300 nm and 375 nm [128], the source of Cl originally

employed by Zare and co-workers [208, 287]. The experiments also confirmed that

reactions of spin-orbit excited Cl(2P1/2) atoms could be ruled out as an explanation

for the non-Arrhenius behaviour of the thermal rate coefficient [288], as had been

proposed previously by Ravishankara and Wine [200]. Zare and co-workers instead

suggested that the low frequency, thermally populated vibrational states (i.e., the ν2

torsional mode and the ν4 umbrella mode) of methane could enhance the reactivity

by factors as high as 200 and 400 for the Cl + CH4 reaction at collision energies of

0.24 eV and 0.16 eV respectively, and by a factor of 80 for the reaction of Cl with CD4

at a collision energy of 0.28 eV [279, 287]. Note that for the Cl + CH4 reaction, these

vibrational enhancement factors for excitation of the umbrella bending or torsional

modes are much larger than that determined for excitation of the antisymmetric

stretching mode. This very high level of umbrella bending (or torsional) mode

enhancement was found to be inconsistent with a subsequent analysis of the non-

Arrhenius behaviour of the reaction rate by Michelson and Simpson [198]. The CH3
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products of the reaction of Cl atoms with ground vibrational state CH4 at a collision

energy of 0.24 eV were seen to be predominantly sideways scattered, whereas the

CD3 products of the reaction of chlorine with ground state CD4 at a collision energy

of 0.28 eV were seen to be more backward scattered. Note that almost all of the

methyl products were found to be formed in the lowest vibrational level, with only

a very small amount of umbrella bending (ν2) excitation observed.

The issues of vibrational enhancement and mode selectivity have also been inves-

tigated by Crim and co-workers [258, 292, 293]. Excitation of the symmetric stretch-

umbrella bend combination (ν1+ν4) of CH4 was seen to promote reaction with atomic

chlorine more efficiently than excitation of the antisymmetric stretch-umbrella bend

combination (ν3 + ν4) by a factor of 1.9 ± 0.5. The reaction cross-section of the

Cl atom reaction with CH4(ν1 + ν4) was found to be 19 ± 5 times larger than that

with methane in the ground or thermally populated states [292]. The fact that the

vibrational population distribution of the CH3 product was found to be similar for

both vibrationally excited reactions was interpreted as an indication that the influ-

ence of excitation of the ν4 umbrella bending mode was the same in both cases. A

similar study, in which CH3D reactants were employed, indicated that excitation of

the symmetric C–H stretch yields methane that is 7.1±0.6 times more reactive than

that obtained by excitation of the antisymmetric stretch. Two quanta excitation of

the ν2 C–D stretch was found to promote reaction at the C–D bond, while excitation

of the (ν4 + ν3) combination (involving the C–H stretch and CH3 umbrella bending

modes) was seen to promote hydrogen atom abstraction. The difference in reactivity

of the symmetric and antisymmetric stretching modes of CH3D has recently been

explained in terms of differences in the localisation of the vibrational motion as the

reactants approach one another [258].

The most recent experimental development has been made by Liu and co-workers,

who have studied the Cl + CH4 and Cl + CD4 reactions at collision energies of

0.20 eV and 0.21 eV respectively, by employing the crossed-molecular beam tech-

nique, coupled with methyl radical detection using REMPI and time-sliced ion
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velocity imaging [88]. The returned CM angular scattering distributions are in

qualitative agreement with the previous single beam experiments of Zare and co-

workers [208, 279, 287], but are of significantly higher resolution. The experiments

of Liu and co-workers, however, find only very modest cross-section enhancements

(∼ 3) with torsional/bending mode excitation. The contribution from vibrationally

excited methane reactants is clearly resolved in the ion images and becomes more

visible when the nozzle temperature is increased above ambient. The level of vi-

brational enhancement found by Liu and co-workers is in excellent agreement with

an analysis of kinetic data by Michelson and Simpson, in which excitation of the

methane umbrella bending mode was calculated to enhance the reaction probabil-

ity by a factor of ≤ 2 [198, 199]. The origin of the discrepancy between these new

experiments performed by Liu and co-workers and the previous work of Zare and

co-workers is at present unclear and is one of the principal issues addressed in the

present work.

6.2.3 Theoretical Studies

Despite the relative complexity of the Cl + CH4 system, many theoretical calcula-

tions have been performed using various levels of approximation and theory [201,

274, 275, 294–299]. Several ab initio studies of the structures and energetics of

the reactants, transition state and products have been undertaken. The transi-

tion state was found to be collinear along Cl–H–C and located near the product

channel [294, 295]. A direct dynamics approach, together with variational transition

state theory (VTST) including multidimensional semi-classical tunnelling correc-

tions, was used by Duncan and Truong to calculate both thermal and vibrationally

state-selected rate constants in the temperature range 200–1000 K [274]. These cal-

culations, in which the motional character of the vibrational modes was assumed to

be preserved along the reaction coordinate, suggested that excitation of the sym-

metric stretching and umbrella bending modes could enhance reactivity by factors

of 1600 and 52 respectively, at a temperature of 200 K. Based on analytical func-
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tions for the potential energy surface of the analogous H + CH4 GGA CH3 + H2

reaction devised by Joseph et al. [300] and Jordan and Gilbert [301], Corchado and

co-workers developed two new empirical potential energy surfaces for the Cl + CH4

system [275, 297]. Canonical variational transition state theory (CVT) calculations,

which included tunnelling corrections, were performed on these potential energy sur-

faces and yielded rate constants and kinetic isotope effects in good agreement with

experimental values. State-selected rate constants at 200 K obtained on the most

recent of the two potential energy surfaces [297] indicated vibrational enhancements

in the range of 400–500 and 50–240 for excitation of the C–H stretching and umbrella

bending modes respectively. Troya et al. have recently reported excellent agreement

with the experimental kinetic data in the 200–500 K temperature range using the

variational transition state approach, which again included tunnelling corrections,

on a full-dimensional ab initio potential energy surface [299]. The same authors

also performed quasi-classical trajectory calculations on a reduced dimensionality

(triatomic) potential energy surface and obtained state-selected CM angular scat-

tering distributions in qualitative agreement with experiments [299]. Very recently,

Rudić et al. [205] estimated the HCl and CH3 product rovibrational excitations using

the on-the-fly ab initio trajectory approach described previously (see Section 4.4.2).

The HCl(v′ = 0,j′) rotational population distribution derived from these calcula-

tions is compared with that determined by Troya et al. [299] using quasi-classical

trajectory calculations and the distributions obtained experimentally by Varley and

Dagdigian [214] and by Zare and co-workers [208] in Figure 6.1. The on-the-fly ab

initio trajectory results obtained by Rudić et al. [205] are seen to be in good agree-

ment with those of the quasi-classical trajectory calculations by Troya et al. [299],

although both are found to give hotter HCl rotational distributions than those de-

termined from the experiments. The rotational state distribution of the CH3 radical

fragments determined from the calculations of Rudić et al. [205] was also seen to be

cold, peaking at J ′ = 2 and gradually decreasing to J ′ = 8 (see Section 6.3.1), in

agreement with the cold rotational distribution observed by Kandel and Zare [287].
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Figure 6.1: A comparison of the nascent rotational quantum state population dis-
tributions for the HCl(v′ = 0,j′) products of the reaction of Cl with CH4 obtained
experimentally by Varley and Dagdigian ( - - ¥ - -) [214] and by Zare and co-workers
( - - ¤ - -) [208], with those determined from theoretical calculations by Troya et al. ( - -
◦ - -) [299] and by Rudić et al. ( - - • - -) [205]. The error bars represent 1σ confidence
limits; the distributions have been normalised in the j′ range shown.

To date, few quantum mechanical scattering calculations on the title reaction

have been performed, all of which have been of reduced dimensionality [276, 302–

305]. Nyman and co-workers first reported calculations employing the 2D rotating

bond approximation [302], which were subsequently extended to 3D [303] and 4D

calculations [276, 304], with the most recent treatment including both the umbrella

bending mode and an approximation for CH3 rotation [304]. Rate constants obtained

using the J-shifting approximation were found to be smaller than those determined

experimentally and exhibited significant tunnelling effects. The vibrational enhance-

ments predicted by the calculations [303] were consistent with those predicted by

Duncan and Truong [274], but were of much smaller magnitude than estimated in

the experiments of Zare and co-workers [279, 287]. Qualitative agreement was seen
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between the state-specific CM angular scattering distributions obtained from the

theoretical calculations of Nyman and co-workers [276, 304] and those determined

experimentally by Zare and co-workers [109, 111, 208, 210, 279, 286–291]. For reac-

tions involving CH4 reactants in which the symmetric stretching mode was excited,

the presence of umbrella bending mode excitation in the methyl products was pre-

dicted by the calculations. This is inconsistent with the experimental measurements,

which suggest that there is only a small level of excitation of the umbrella bend-

ing mode in the methyl products [287]. A more accurate potential energy surface

was developed by Yu and Nyman [304] to reinvestigate this last issue, and also to

explore the dynamics of the reaction with CD4. Vibrational excitation of the um-

brella mode of the CH3 product of the reaction of Cl with vibrationally excited

CH4 was also observed in the new calculations, although the CD3 product of the Cl

atom reaction with CD4 was produced preferentially in the ground vibrational state,

in better agreement with the experimental measurements [287]. The most recent

quantum mechanical calculation, reported by Skokov and Bowman [305], involved

a reduced dimensionality wave packet calculation on the effect of bend excitation

of CH4 on the HCl co-product rotational population distribution. A multi-modal

HCl rotational population distribution was observed to correlate with the presence

of umbrella bending mode vibrational excitation in the CH4 reactant and was ra-

tionalised in terms of a simple Franck–Condon-type model, in which the bending

eigenstates of the transition state were projected onto the rotational states of the

product HCl.

6.2.4 Summary

The previous work on the reactions of atomic chlorine with methane and its deuter-

ated analogues can be summarised as follows: (i) the HCl and DCl products of

reaction with ground vibrational state CH4 and CD4, respectively, are found from

both theory [205, 299] and experiment [208, 214] to be formed in very low rotational

states of the ground vibrational state; (ii) the methyl radical products of the reaction
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with ground vibrational state CH4 and CD4 are also seen from theory [205, 276] and

experiment [287] to be formed predominantly in low rotational levels of the ground

vibrational state; (iii) Zare and co-workers [287] and Liu and co-workers [88] found

the CH3 products of the Cl + CH4 reaction to be predominantly scattered in the

sideways direction, whereas the CD3 products of the Cl + CD4 reaction were found

to be more strongly backward scattered; (iv) controversy remains over the level

of vibrational enhancement yielded by excitation of the umbrella bending mode in

the methane reactants, with Zare and co-workers [287] suggesting far higher en-

hancement factors than obtained by either Michelson and Simpson [198] or Liu and

co-workers [88].

6.3 Results

6.3.1 REMPI Spectra

Cl + CD4

A (2+1) REMPI spectrum of the 00
0 band of the CD3 products of the Cl + CD4

reaction is shown in the upper panel of Figure 6.2. A similar spectrum was recorded

by Kandel and Zare for the reaction at a comparable collision energy [287]. The

best fit to the data was provided by a spectrum simulated [306] using a single ro-

tational temperature of 80 K. This simulation, also shown in Figure 6.2, employed

the spectroscopic constants, line strength factors and predissociation rates reported

in Refs. [135, 307, 308]. Note that the fit implies that the high K ′ rotational states,

which lie lower in energy for an oblate top, are more highly populated than the low

K ′ rotational states. This is at variance with the results of an empirical compari-

son of the S and R branch transitions and symmetric top two-photon linestrength

factors by Kandel and Zare, from which they concluded that the methyl radical

products were formed preferentially in the lower K ′ rotational states [287]. In order

to investigate this apparent difference, further simulations were performed in which

the K ′ and J ′ rotational state ‘temperatures’ were allowed to differ [134]. The qual-
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Figure 6.2: (2+1) REMPI spectrum of the CD3 product of the Cl + CD4 reaction in
the region of the 00

0 vibronic band: (a) experimental spectrum, (b) simulated spectrum
using a single J ′,K ′ temperature of 80K [306]. The dominant feature in the spectrum
is the Q branch.

ity of the fit to the present experimental REMPI spectrum obtained using these

simulations was found to be rather insensitive to the assumptions made about the

K ′ state populations. In addition, a good fit to the REMPI spectrum recorded by

Kandel and Zare [287] was obtained using the same model as that for the simula-

tion of the present REMPI spectrum when a single J ′,K ′ rotational temperature

of between 20 and 25 K was employed. The difference in the methyl radical rota-

tional temperatures derived from the two experiments is thought to arise primarily

from the differing temperatures of the molecular beams employed, which have been

measured as 15 K and 50 K for the experiments in Stanford [287] and Oxford (see

Section 2.6) respectively. It is interesting to note that these results suggest that a

significant fraction of the rotational excitation observed in the CD3 products of the

Cl + CD4 reaction arises from excited rotational states of the CD4 reactant. Similar

conclusions have been drawn for the H + H2O reaction, where a Franck–Condon
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Figure 6.3: A comparison of the rotational quantum state population distributions
for the CH3 radical products of the reaction of Cl with CH4 obtained from a simulation
using a single J ′,K ′ rotational temperature of 80 K ( - - ¥ - -) with the results obtained
by Yu and Nyman from 4D quantum mechanical scattering calculations ( - - ◦ - -) [276]
and by Rudić et al. from on-the-fly ab initio quasi-classical trajectory calculations
( - - • - -) [205]. The distributions have been normalised in the J ′ range shown.

model can be used to explain the OH product rotational population distribution at

low collision energy [309–314].

Despite the uncertainties in the simulations, it is clear that the CD3 products

of the Cl + CD4 reaction, and presumably the methyl radical products of the Cl

+ CH4 and Cl + CH3D reactions, are formed in low rotational levels. This result

is in agreement with the quantum mechanical scattering calculations of Yu and

Nyman [276] and the on-the-fly ab initio quasi-classical trajectory calculations of

Rudić et al. [205]. The CH3 radical product rotational quantum state population

distribution obtained from the simulation using a J ′,K ′ rotational temperature of

80 K is compared with the theoretical distributions of Yu and Nyman [276] and

Rudić et al. [205] in Figure 6.3. The slightly higher rotational excitation of the
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Figure 6.4: (2+1) REMPI spectrum of the CH3 and CH2D radical products of the
Cl + CH3D reaction. The dominant peaks are the Q branches of the 00

0 vibronic
bands. Also shown is a fit to the spectrum assuming Lorenztian Q branch lineshape
functions ( - - -), yielding relative signals for the two products, CH3:CH2D, of 1:6. The
separate contributions derived from the fit from CH3 (− · · − · · ) and CH2D (− · − · )
are also shown.

methyl radical obtained in the current experiments is thought to reflect the higher

collision energy employed in the present study, compared with those used in the

theoretical calculations. Note that Kandel and Zare also found the CD3 radical

products to be formed vibrationally cold [287], a result which is again supported by

quantum mechanical scattering calculations by Yu and Nyman [304].

Cl + CH3D

The (2+1) REMPI spectrum of the methyl radical products of the two pathways for

the Cl + CH3D reaction, CH3 and CH2D, is shown in Figure 6.4. The spectrum was

obtained with the time-of-flight detection gate set to collect both product masses.

The two observed peaks correspond to the Q branches of the 00
0 bands of CH3 and
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CH2D.2 No other rotational structure can be resolved within the signal-to-noise ratio

of the data due to efficient predissociation in the excited electronic states of the two

radicals [135, 293, 315–317]. A fit to the spectrum assuming a Lorentzian lineshape

function for the Q branches is also shown in Figure 6.4. The CH3:CH2D intensity

ratio of 1:6 obtained from the fit is in excellent agreement with the recent study

by Crim and co-workers [293]. The difference in the intensities of the two peaks

in the REMPI spectrum is thought to reflect the different barrier heights for the

reactions [280, 293] and also the statistical abundance of H to D atoms available for

abstraction. Although quantitative interpretation of the ratio is complicated by lack

of information on the relative Franck–Condon factors and predissociation rates for

the CH3/CH2D detection, the ratio suggests that the rate of D atom abstraction is

lower than that of H atom abstraction, consistent with the primary kinetic isotope

effect.

6.3.2 Images and Legendre Moments

Velocity-map ion images and the corresponding zeroth, second and fourth order

Legendre moments are shown in Figure 6.5 for the CH3 products of the Cl + CH4

reaction, the CH2D products of the Cl + CH3D reaction and the CD3 products

of the Cl + CD4 reaction. The data were obtained by probing the methyl radical

products on the maxima of the Q branch REMPI transitions. In the case of the

CD3 products, for which predissociation is much slower than for CH3 or CH2D, im-

ages were also obtained on the peak of an R branch transition with J ′ = 3. The

images are all shown on the same velocity scale and have been quadrant averaged

for clarity. The Legendre moments were extracted from the raw images using the

procedure described in Chapter 3. A small amount of background signal that was

not removed by the background subtraction procedure can be seen in the centre

of the image of the CD3 products detected via the R(3) transition and is thought

result from imperfect gating of the detector. The correct detection gate position was

2The observed CH2D radical peak is assigned to the 00
0 band of the 3p 2B1 ← X̃ 2B1 Rydberg

transition [293, 315].
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Figure 6.5: Ion images and Legendre moments of order 0 (—), 2( - - -) and 4 ( · · · )
of (a) the CH3 products of the Cl + CH4 reaction, (b) the CH2D products of the Cl
+ CH3D reaction, (c) the CD3 products of the Cl + CD4 reaction detected on the
Q branch, and (d) the CD3 products of the Cl + CD4 reaction detected on the R(3)
transition. All transitions are for the 00

0 vibronic band.



The Dynamics of the Cl + CH4 Reaction 195

difficult to determine accurately due to the extremely low signal intensity yielded

on this REMPI transition. The impact of this background signal on the extracted

moments, however, was not seen to be significant. Clearly evident from the im-

ages, and especially in the Legendre moments, are the similarities between the data

obtained for the CH3 and CH2D products, and between the data recorded for the

CD3 products detected on the Q branch and on the R(3) transition. This aspect of

the experimental data is discussed more fully in Sections 6.3.5 and 6.3.6, in light of

the returned CM scattering distributions. Also note that, within the experimental

signal-to-noise ratio of the data, the fourth order Legendre moments are very close

to zero. The experimental data are therefore consistent with the description of the

LAB scattering distribution used in Chapter 3, in which the only non-zero image

moments are those for which L = 0 and 2. The fact that the fourth order Legen-

dre moments are very close to zero also serves to confirm that the images are not

perturbed by fly-out of either the reactant Cl atoms or of the methyl products from

the probe region during the delay between photolysis and probe laser pulses.

In the present work, any effects that product rotational angular momentum

alignment might have had on the product velocity-map ion images have been ne-

glected. If product rotational alignment were an important effect, the efficiency of

the REMPI detection step for the methyl radicals produced in the reactions would

depend both on the polarisation of the probe laser and on the product LAB scat-

tering angle, and the zeroth and second order moments of Equation 3.43 would no

longer be sufficient to completely describe the product LAB frame scattering distri-

bution. However, since very similar velocity-map ion images were obtained for the

Cl + CD4 reaction on probing the CD3 products via both the Q and R branches, for

which the transition dipoles have different correlations with the direction of JCD3 ,

it appears that alignment effects are not large in this system and neglect of product

alignment in any of the following analysis procedures is unlikely to be a significant

source of error.
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6.3.3 Collision Energy Distributions

A crucial feature of the Legendre moment data analysis method employed in this

thesis is the characterisation of the velocity distribution of the translationally ‘hot’

atoms and the associated distribution of collision energies. In the current experi-

ments, information about these quantities was provided by velocity-map ion images

of Cl(2P3/2) atoms obtained subsequent to photodissociation of Cl2 under experi-

mental conditions identical to those used in the study of the reactions. A typical

image of the Cl(2P3/2) reactants and the corresponding speed distribution have been

given previously for the present reactions in Section 2.9.2. The broadening of this

distribution relative to that observed under skimmed beam conditions could have

several different sources and, reflecting this, the data were analysed in two different

ways.

The first procedure was analogous to that adopted by Zare and co-workers [110,

111, 208, 287], in which it was assumed that the inverse Abel transformed image of

the Cl(2P3/2) products of Cl2 photolysis represents an instrument function. Note

that the expansion conditions and the distance between the interaction region and

the nozzle exit employed in the current experiments were both very similar to those

used previously in the core-extraction experiments of Zare and co-workers. In the

present experiments, the width of this instrument function could reflect, for exam-

ple, poor velocity mapping across the entire probe volume or possibly secondary

collisions of the fast moving product ions with other molecules in the beam. To take

these effects into account, the instrument function was used to convolute the basis

functions generated to fit the data.

In the second procedure, it was assumed that the inverse Abel transform of the

image of the Cl(2P3/2) products of photodissociation of Cl2 provided an accurate

map of the reactant Cl atom velocity distribution. Possible explanations proposed to

account for the broad chlorine atom speed distribution obtained from the ion image

are discussed in Section 6.4. Within this second analysis, the Cl(2P3/2) velocity

distribution was used directly in generating the basis functions.
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In both analyses the CH4, CD4 or CH3D reactant in the molecular beam was

assumed to be characterised by a translational temperature of 50 K (see Section 2.6).

The results presented here, however, were found to be quite insensitive to the effects

of changing the translational temperature over the range 50–300 K. Although this

procedure is not exact, the basis functions and fits to the experimental data were

found to vary little using temperatures within this range.

The three isotopic reactions studied have slightly different collision energies,

owing to the dependence of the collision energy, Et, on the reduced mass of the re-

actants (see Equation 3.18). The estimate of the collision energy was seen to depend

significantly upon the assumptions made about the Cl atom speed distribution. For

the analysis in which the Cl speed distribution was assumed to reflect an instru-

ment function, the mean collision energies for the Cl + CH4, Cl + CH3D and Cl

+ CD4 reactions were determined to be 0.25 eV, 0.26 eV and 0.29 eV, respectively.

The collision energy distributions were seen to have a FWHM of ∼ 0.10 eV, which

may be attributed to residual thermal motion of the Cl2 photolysis precursor and

the methane reactant in the free-jet expansion. Since a small barrier to reaction

is present in all three systems studied, a simple line-of-centres excitation function,

σr(Et), given by

σr(Et) =

{
0 Et ≤ E0

N(1− E0/Et) Et > E0,
(6.6)

where E0 is the height of the barrier to reaction and N is a normalisation con-

stant, was used in generating the basis functions for this analysis. The joint CM

scattering distribution given by Equation 3.40 was assumed to be independent of

the relatively narrow spread of reactant relative velocities. For the second analy-

sis procedure, in which the Cl atom speed distribution was assumed to be a true

reflection of the reactant speed distribution in the interaction region, significantly

broader collision energy distributions were obtained, all of which had an asymmetric

tail at high energies (FWHM ∼ 0.14 eV for the Cl + CH4 reaction). The collision

energy distribution calculated for the Cl + CH4 reaction using the Cl atom speed

distribution discussed above and a CH4 translational temperature of 50 K is shown
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in Figure 6.14(a). Thus, while the most probable collision energies were found to be

0.24 eV, 0.25 eV and 0.28 eV for the Cl + CH4, Cl + CH3D and Cl + CD4 reactions

respectively, the mean values were seen to be significantly higher: 0.32 eV, 0.33 eV

and 0.36 eV. In this analysis method, owing to the wider range of collision energies

sampled, it proved important to generate the basis functions in Legendre moments

of the collision energy as well as in CM scattering angle. It was then possible to

fit the data non-separably, allowing the CM angular scattering distribution to vary

with Et.

6.3.4 The LAB Frame Speed and Anisotropy Distributions

The most direct comparison that can be made between the data obtained in the

present experiments and those of the core-extraction REMPI-TOF experiments of

Kandel and Zare [287] is through the derived LAB frame distributions. The LAB

speed and speed-dependent translational anisotropy distributions for the CH3 and

CD3 products of the Cl + CH4 and Cl + CD4 reactions obtained from the two exper-

iments are compared in Figure 6.6. In both cases, the distributions shown are those

for the CH3 and CD3 products detected on the Q branch of the 00
0 band. The LAB

frame distributions from the current experiments were extracted by inverse Abel

transformation of images (a) and (c) in Figure 6.5, followed by appropriate integra-

tion of the resulting ‘slice’ through the 3D velocity distribution. The LAB frame

distributions of Kandel and Zare were obtained from the core-extracted REMPI-

TOF profiles by a basis function fitting analysis, in which an instrument resolution

function was included. In order to allow direct comparison, the distributions ob-

tained from the present experiments were deconvoluted with the instrument function

described in Section 6.3.3. The LAB frame speed and speed-dependent anisotropy

distributions derived from the two experiments are seen to be in excellent agreement.

Rather than attempt a direct inversion of the LAB speed distribution data to

obtain the CM angular scattering distributions, as performed previously by Kandel

and Zare [287], the images shown in Figure 6.5 were analysed using the basis function
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Figure 6.6: The LAB speed distributions (upper panels) and LAB speed-dependent
translational anisotropy distributions (lower panels) for the methyl radical products of
the reactions of Cl with CH4 ((a) and (b)) and CD4 ((c) and (d)). The present results
(—), which were obtained from the inverse Abel transforms of images (a) and (c) in
Figure 6.5, are compared with the results of Kandel and Zare [287] ( - - ¥ - -), which
were obtained from a basis function fit to methyl radical core-extracted REMPI-TOF
profiles. Since the analysis of Kandel and Zare employed an instrument resolution
function, for comparison, the present data from the inverse Abel transform have been
deconvoluted with the instrument function discussed in Section 6.3.3.
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fitting method (see Chapter 3), subject to the assumptions made about the collision

energy distribution outlined in Section 6.3.3.

6.3.5 Legendre Moment Fitting Analysis: An Instrument

Function

The Legendre moment fitting analysis detailed in this Section made use of the first

procedure described in Section 6.3.3, in which the Cl(2P3/2) atom speed distribution

(see Figure 2.11) was assumed to reflect an instrument resolution function. The

basis functions used to fit the data were generated by employing a single Cl atom

reactant speed and were then convoluted with the instrument function.

Since in the present reactions only a very small amount of the available en-

ergy is seen to be deposited into internal degrees of freedom of the methyl radical

products [279, 287] and HCl (or DCl) co-products [208, 214], for a given reaction sys-

tem it proved sensible to constrain the kinetic energy release distribution, P (ft), to

that determined from the measured rovibrational populations of the two products.

The fixed kinetic energy release distributions used in generating the basis sets were

calculated by convolution of the known HCl (and DCl) rovibrational population dis-

tributions [208, 214] with the methyl radical rotational populations characterised by

J ′,K ′ temperatures in the range 80–200 K, taking into account the transitions ex-

cited within the overlap of the probe laser bandwidth and the Q branch of the CH3

(CD3 or CH2D) REMPI transition. Example kinetic energy release distributions

calculated in this way are shown in Figure 6.7 for the CH3 and CD3 products of the

Cl + CH4(v = 0) and Cl + CD4(v = 0) reactions, for which the methyl J ′,K ′ rota-

tional temperatures were chosen to be 80 K. Owing to the low internal excitations

of both fragments, pair correlations between their internal energies were neglected.

The parameters returned by the fit were found to be insensitive to the precise choice

of kinetic energy release distribution, provided the latter were sensibly chosen to lie

within the aforementioned uncertainties in the methyl radical rotational excitation.
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Figure 6.7: Kinetic energy release distributions calculated for the CH3 (upper panel)
and CD3 (lower panel) products of the Cl + CH4 and Cl + CD4 reactions. The distri-
butions were obtained by convolution of measured HCl and DCl rotational population
distributions [208, 214] with methyl radical rotational population distributions calcu-
lated for J ′,K ′ temperatures of 80 K.

Cl + CH4

Fits to the data were first attempted assuming that the product methyl signals

arose exclusively from the Cl atom reaction with ground vibrational state methane

molecules. The resulting fits, shown in Figure 6.8, are seen to be totally unsatisfac-

tory. The second Legendre moment of the image, M2(vp), which is sensitive to the

LAB frame translational anisotropy (see Equation 3.46), is seen to be particularly

poorly fit using the basis functions generated using this assumption. Within this

analysis, it is clear that the CH3 signals are incompatible with the reaction of Cl

exclusively with CH4 in the ground vibrational state.
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Figure 6.8: Zeroth and second order Legendre moments (—) of the raw CH3 image
shown in Figure 6.5(a), and fits to those moments ( - - -), obtained by assuming that
the observed signal arose solely from reaction of Cl atoms with CH4 in the ground
vibrational state. The fits were performed using five moments in the CM angular
scattering distribution.

As was noted in Section 6.2.2, the cross-section of the Cl + CH4 reaction is

thought to be greatly enhanced by vibrational excitation in the CH4 reactant. Since

vibrational cooling of CH4 in the free-jet expansion is inefficient, the small fraction

of bend- and/or torsion-excited molecules remaining in the beam could make a

noticeable contribution to the reactive signal. The sufficiently different energetics

of the reaction of chlorine with ground and vibrationally excited CH4 permitted

the analysis to be extended to allow two basis sets to be used to fit the data, with

an extra fitting coefficient employed to determine the relative contribution to the

signal from each of the two reaction channels. Note that a very similar methodology

was used in the analysis of the images of the Cl + n-butane reaction in Chapter 5.

In the present case, however, the kinetic energy release distributions were fixed for

both reaction pathways, while the two CM angular scattering distributions were
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Figure 6.9: As for Figure 6.8, but showing the fits to the Legendre moments of
the CH3 image obtained by assuming that both ground state, CH4(v = 0), and vi-
brationally excited, CH4(ν4 = 1), methane reactants contribute to the REMPI signal.
The fits were performed using five moments in the CM angular scattering distribution
for each reaction pathway.

allowed to vary independently. Fits to the experimental data, in which the active

vibrational mode in the methane molecule was assumed to be the lowest-lying ν4

umbrella bending mode, are shown in Figure 6.9. The fits using this more involved

analysis are seen to be a significant improvement on those shown in Figure 6.8,

in which only ground vibrational state methane was considered. Owing to the

similar vibrational energies of the ν4 umbrella bending mode (1306 cm−1) and the

ν2 torsional mode (1534 cm−1) [255], almost indistinguishable results were obtained

for fits in which the ν2 mode was assumed to be active.

CM angular scattering distributions for the Cl + CH4 reaction returned from

the more complete analysis are shown in Figure 6.10. The error bars shown on the

data are the result of the Monte Carlo analysis detailed in Section 3.4.7 and reflect

generous uncertainties in the fitting procedure. The truncation point for the number
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Figure 6.10: CM angular scattering distributions returned from the fits shown in
Figure 6.9 (obtained using basis function sets convoluted with an instrument function),
for the Cl + CH4 reaction with (a) ground vibrational state methane reactants, and
(b) vibrationally excited methane reactants. In the latter case, the active vibrational
mode is assumed to be the CH4 ν4 umbrella bending mode. The CM scattering angle,
θ, refers to the scattering of CH3 with respect to the CH4 reactant, such that rebound
dynamics correspond to scattering through 180◦. The fits were performed using five
moments in the CM angular scattering distribution for each reaction pathway. Error
bars represent 1σ errors resulting from statistical errors in the fits.
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of basis functions required to fit the data was determined using a procedure similar

to that used for the Cl + n-butane reaction (see Section 5.3.2). In the present case,

the fits did not improve by a significant amount with inclusion of more than five

moments in the CM angular scattering distribution for each reaction pathway. The

returned distributions and the relative weighting between the two reaction path-

ways were, however, remarkably consistent as the number of moments used was

varied. The data are in good agreement with the previous results of Kandel and

Zare [287]. The CM angular scattering distributions for ground and vibrationally

excited methane both appear to have dominant peaks in the sideways direction,

but scattering for the vibrationally excited methane reactants is more forward than

that for ground state reactants. The change in the CM angular scattering distribu-

tion with reactant vibrational excitation is perhaps not unexpected, given that the

cross-section of the reaction is enhanced by a large extent through low-frequency

vibrational excitation of the reactants (see below). The result is consistent with re-

active collisions proceeding from a wider range of reactant phase-space than for the

reaction with unexcited methane molecules, or, equivalently, with an opening of the

cone of acceptance and consequent reaction over a wider range of impact parameters

with vibrational excitation of the reagents [208].

Cl + CD4

The Legendre moment fitting analysis allowing for both ground state and vibra-

tionally excited CD4 yielded the CM angular scattering distributions shown in Fig-

ure 6.11 for the CD4 products detected on the maximum of the Q branch and on the

R(3) transition of the 00
0 band. The CM angular scattering distributions obtained on

the two branches (which sample subsets of radical products with somewhat different

values of J ′,K ′) are almost identical, suggesting that the dynamics are insensitive

to the internal rotational state of the CD3 radical (or to alignment of the rotational

angular momentum). The excellent agreement between the two sets of data also

provides some measure of the reproducibility of the experiment. Similarly to the Cl
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Figure 6.11: As for Figure 6.10, but showing CM angular scattering distributions
for the Cl + CD4 reaction for ground vibrational state methane reactants ((a) and
(c)), and vibrationally excited methane reactants ((b) and (d)). The data shown in
the left column were obtained by probing the CD3 products on the maximum of the Q
branch, while that on the right was obtained by probing the CD3 products on the R(3)
transition. The fits were performed using five moments in the CM angular scattering
distribution for each reaction pathway. Error bars represent 1σ errors resulting from
statistical errors in the fits.

+ CH4 reaction, the CM angular scattering distributions for the products of reac-

tion with vibrationally excited CD4 are peaked more towards the sideways/forwards

direction compared with those for the vibrationally unexcited reactants. Note that

the CM angular scattering distributions for the reaction of chlorine with perdeuter-

ated methane are more strongly peaked in the backwards hemisphere than that for

the reaction of chlorine with CH4. This is consistent with the reaction with the

perdeuterated methane occurring lower on the potential energy surface due to a

reduction in zero-point energy, and therefore with a reduced cone of acceptance.

Similar behaviour has been observed in the reaction of H atoms with protonated
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Figure 6.12: CM angular scattering distributions for the CH3D products of the Cl +
CH3D reaction for (a) ground vibrational state methane reactants and (b) vibrationally
excited methane reactants. In the latter case, the active vibrational mode is assumed
to be the CH3D ν6 CH3 rocking mode. The CM scattering angle, θ, refers to the
scattering of CH3 with respect to the CH4 reactant, such that rebound dynamics
correspond to scattering through 180◦. The fits were performed using five moments in
the CM angular scattering distribution for each reaction pathway. Error bars represent
1σ errors resulting from statistical errors in the fits.

and deuterated water [314, 318].

Cl + CH3D

The Legendre moment fitting analysis allowing for both ground state and vibra-

tionally excited CH3D, in which the active vibrational mode in the CH3D molecule

was assumed to be the lowest-lying ν6 CH3 rocking mode [255], yielded the CM an-

gular scattering distributions shown in Figure 6.12 for the CH3D products. Owing to
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the similar vibrational energies of the ν6 CH3 rocking mode (1155 cm−1) and the ν3

umbrella bending (1300 cm−1) and ν5 CH bending (1471 cm−1) modes [255], almost

indistinguishable results were obtained for fits in which either the ν3 mode or the

ν5 mode were assumed to be active. The distributions shown in Figure 6.12 follow

the same trends with vibrational excitation of the CH3D reactant as noted above

for the other reactant species. Once again, reaction of chlorine with vibrationally

excited reactants is seen to yield methyl products that are more forward scattered

than those of the reaction of chlorine with ground vibrational state reactants. It

is interesting to note that the CM angular scattering distributions are much more

similar to those for the reaction of chlorine with CH4 than for those for the reaction

with CD4, which are more backward scattered. The data suggest that the cone

of acceptance for the two isotopic reaction channels is influenced significantly by

whether a hydrogen or a deuterium atom is abstracted.

Vibrational Enhancement

The relative contributions to the total signal from methane molecules in the ground

and first vibrational states are given in Table 6.1 for the methyl products of the

Cl + CH4, Cl + CD4 and Cl + CH3D reactions. The analysis suggests that about

half of the CH3 signal originates from reaction with vibrationally excited methane,

in good agreement with the value originally estimated by Kandel and Zare [279,

287]. Also shown in the table are the vibrational enhancements in the reaction

cross-section calculated on the assumption that the vibrational temperature of the

methane molecules in the molecular beam is 300 K. For the Cl + CH4 and Cl +

CD4 reactions, the ν4 umbrella bending mode is assumed to be the active vibrational

mode, as indicated by theory [274, 276, 297]. Similar values are obtained, however,

if the ν2 torsional mode is assumed to be active instead. In the case of the Cl +

CH3D reaction, the ν6 CH3 rocking mode is assumed to be the active vibrational

mode. Greater enhancements are seen if either the ν3 umbrella bending or the ν5

CH bending modes are assumed to be active. Note that the calculated cross-section
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Table 6.1: Results from the first analysis procedure, in which the basis functions
used to fit the data were convoluted with an instrument function obtained from the
Cl atom speed distribution. Relative signals (S) from, and populations (P ) and
reactivities (σ) of, vibrationally excited (v = 1) and ground state (v = 0) methane
are shown for the reactions given. The vibrational mode assumed to be active for
CH4 and CD4 is the ν4 umbrella mode, although similar results are obtained if the ν2

torsional mode is assumed to be the active vibrational mode. The populations have
been estimated on the assumption that the vibrational temperature of the methane
molecules in the molecular beam is 300 K. In the case of CH3D, the results are quoted
for the excitation of the ν6 CH3 rocking mode. If the ν3 or ν5 modes are assumed
to be active, the calculated reaction cross-section enhancements are 290 and 280
respectively. The data for the Cl + CD4 reaction has been averaged over the data
obtained from the two CD3 probe transitions employed.

Sv=1/Sv=0 Pv=1/Pv=0 σv=1/σv=0

Cl + CH4 GGGA HCl + CH3 1.2± 0.3 5.7× 10−3 210± 50

Cl + CD4 GGGA HCl + CD3 5.1± 2.3 2.5× 10−2 200± 90

Cl + CH3D GGGA HCl + CH2D 0.75± 0.39 7.9× 10−3 100± 50

enhancements are very large for all three reaction systems. If the assumptions made

in performing this analysis are correct, it is hard to reconcile these measurements

with the rather modest enhancements estimated by Michelson and Simpson, based

on a line-of-centres analysis of the temperature dependence of the thermal rate

constant [198], or with the new imaging experiments of Liu and co-workers [88].

More modest cross-section enhancements with excitation of the ν4 umbrella mode of

CH4 have also been predicted by Yu and Nyman [276, 303, 304] in their 4D quantum

scattering calculations, and by Palma and Clary following a similar quantal study

of the analogous O(3P) + CH4 reaction [319].

6.3.6 Legendre Moment Fitting Analysis: A Collision

Energy Distribution

While the results of the analysis in the previous Section are in excellent agreement

with the photoloc studies of Zare and co-workers [279, 287], given the very large
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vibrational enhancements obtained with this analysis method, and the disagreement

with the findings of Liu and co-workers [88], it was important to establish whether

or not the data were amenable to another interpretation. To this end, a second

Legendre moment fitting analysis was performed, in which use was made of the

second procedure described in Section 6.3.3. Within this analysis, the Cl(2P3/2) atom

speed distribution shown in Figure 2.11 was assumed to give an accurate map of the

reactant Cl atom velocity distribution, and was used directly in the generation of

the basis sets. The kinetic energy release distributions were again constrained to be

those evaluated by convolution of the known HCl and DCl rovibrational population

distributions [208, 214] with the calculated methyl radical rotational populations.

In addition, owing to the much broader collision energy distributions arising from

the present analysis (see Section 6.3.3), it was necessary to determine the excitation

function, σr(Et), describing the collision energy dependence of the reaction cross-

section. The CM scattering distribution in this case, P (θ, Et), was expressed as a

double expansion of Legendre polynomials

P (θ, Et) =
1

4

∑
n,m

anmPn(cos θ)Pm(εt), (6.7)

where

εt =

[
2

(
Et

Et,max

)
− 1

]
, (6.8)

and Et,max is the maximum collision energy. Basis functions were therefore generated

in Legendre moments of both the collision energy and CM scattering angle, and the

data fitted non-separably in order to allow the CM angular scattering distribution

to vary with collision energy.

Cl + CH4

The fits to the experimental Legendre moments for the CH3 products of the Cl + CH4

reaction obtained using the alternative analysis method described above are shown

in Figure 6.13. It is noteworthy that these alternative basis functions provide a good
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Figure 6.13: Zeroth and second order Legendre moments (—) of the raw CH3 im-
age shown in Figure 6.5(a), and fits to those moments ( - - -), obtained by assuming
that the observed signal arose solely from reaction of Cl atoms with CH4 in the ground
vibrational state. The basis functions were generated using the Cl atom speed distri-
bution shown in Figure 2.12 directly. The fits were performed using five moments in
the CM angular scattering distribution and three moments in the excitation function.

fit to the experimental moments even at very high speeds, a region where the basis

functions assuming an instrument function have little amplitude (see Figure 6.9). It

should be stressed that in the current method the chlorine atom reaction is assumed

to take place exclusively with CH4 in the ground vibrational state. It is possible

that some small contribution from vibrationally excited methane would improve the

quality of the fit still further, but such an elaborate fit was not attempted. It is also

important to note that the two different interpretations of the Cl reactant ion images

employed here and in the previous Section both yield quite satisfactory fits to the

data, but lead to very different conclusions regarding the activity of vibrationally

excited reactants.

The excitation function and the collision energy averaged CM angular scattering
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distribution for the Cl + CH4 reaction returned by the current analysis are shown in

Figure 6.14. Note that the excitation function was set to zero below the barrier to

reaction (0.11 eV). While the reaction cross-section was found to vary only slightly

with collision energy above this value, it was found that significantly improved fits

were obtained by allowing the CM angular scattering distribution to vary with col-

lision energy. The peaks in the resulting CM angular scattering distributions were

seen to shift sensibly from about 130◦ to around 60◦ as the collision energy was in-

creased from the barrier height to 1 eV. The collision energy averaged CM angular

scattering distribution determined from the current analysis procedure, although

demonstrating slightly more backward scattering, is seen to be in qualitative agree-

ment with that determined very recently by Liu and co-workers [88] at a collision

energy of around 0.20 eV using the crossed molecular beam time-sliced ion velocity

imaging technique. Also note that the CM angular scattering distribution for the

reaction with ground state methane is in qualitative agreement with that obtained

using the first analysis procedure (see Figure 6.10), although it is again shifted some-

what towards the backwards direction. The collision energy averaged CM angular

scattering distribution is also seen to be in good qualitative agreement with that

obtained from the 4D quantum scattering calculations of Yu and Nyman [276] at a

collision energy of 0.16 eV, as shown in Figure 6.13.

Cl + CD4

The collision energy averaged CM angular scattering distributions returned from the

fits using the second Legendre moment analysis procedure are shown in Figure 6.15

for the CD3 products of the Cl + CD4 reaction, detected on the maximum of the Q

branch and on the R(3) transition. As was seen for the previous analysis procedure,

the CM angular scattering distributions obtained from the data on the two transi-

tions are almost identical. Excellent agreement is seen between the results of the

current analysis procedure and those of Liu and co-workers at a collision energy of

around 0.21 eV using the crossed molecular beam time-sliced ion velocity imaging
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Figure 6.14: (a) The excitation function (—) for the Cl + CH4(v = 0) reaction
as determined using the second analysis procedure. Note that below the barrier
of ∼ 0.1 eV, indicated by the dashed line, the reaction cross-section is assumed to
be zero. The collision energy distribution ( · · · ) was calculated using the Cl atom
speed distribution and by assuming a CH4 translational temperature of 50 K. (b) The
collision energy averaged CM angular scattering distribution for the Cl + CH4(v =
0) reaction. The present results are compared with those of Liu and co-workers
determined using the crossed molecular beam imaging technique determined at a
collision energy of around 0.20 eV [88] (− · − · ). Also shown are the results of
the 4D quantum scattering calculations by Yu and Nyman at a collision energy of
0.159 eV [276] ( - - -).



The Dynamics of the Cl + CH4 Reaction 214

P
(c

o
s 
µ
)

{1 {0.5 0 0.5 1
cos µ

(a)

(b)

Figure 6.15: As for Figure 6.13, but showing the collision energy averaged CM
angular scattering distributions for the Cl + CD4(v = 0) reaction determined using
the second analysis procedure outlined in Section 6.3.3. Distributions are shown for
the CD3 products detected on (a) the maximum of the Q branch, and (b) on the
R(3) transition. The results in panel (a) are compared with those of Liu and co-
workers determined using the crossed molecular beam imaging technique determined
at a collision energy of around 0.21 eV [88] (− · − · ). Also shown in (a) are the results
of the 4D quantum scattering calculations by Yu and Nyman at a collision energy of
0.25 eV [304] ( - - -).
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Figure 6.16: The collision energy averaged CM angular scattering distribution for
the CH2D products of the Cl + CH3D reaction determined using the second analysis
procedure. Note that the angular scattering distribution is very similar to that derived
for the Cl + CH4 reaction shown in Figure 6.13(b).

technique, in which the CD3 products were also detected on the maximum of the

Q branch [88]. Note that, in the case of chlorine atom reactions with deuterated

methane in the vibrational ground state, very similar CM angular scattering distri-

butions were obtained using the first and second analysis procedures. The results

of the current analysis are seen to be in excellent agreement with the most recent

quantum scattering calculations of Yu and Nyman [304]. The theoretical data were

obtained at a collision energy of 0.25 eV, quite close to the most probable collision

energy of 0.28 eV sampled in the current experiments.

Cl + CH3D

Analysis using the current procedure yielded the collision energy averaged CM an-

gular scattering distribution shown in Figure 6.16. As was found using the previous

analysis procedure, the CM angular scattering distribution is more similar to that

for the Cl + CH4 reaction than for the Cl + CD4 reaction, which shows enhanced

backward scattering. Further experiments, either on the CH3 products of the Cl

+ CH3D reaction, or on the products of the reactions with other isotopomers, may
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help to clarify how the cone of acceptance is controlled by whether an H or a D

atom is abstracted.

6.4 Discussion

The results of new velocity-map ion imaging experiments on the reaction of atomic

chlorine with CH4, CD4 and CH3D were presented in the previous Section. The data

were analysed in two separate ways using the Legendre moment fitting procedure,

based on two limiting assumptions about the nature of the relatively broad Cl atom

speed distribution observed. The CM angular scattering distributions obtained using

both of these methods were seen to be in agreement with one another, the previous

experimental work of Liu and co-workers [88], and theoretical calculations by Yu

and Nyman [276, 304]. The various levels of vibrational enhancement determined

from the present and previous studies are discussed here.

In the first procedure, the real Cl atom speed distribution was assumed to have

a width due only to thermal motion of the Cl2 precursor, so that the spread in the

measured Cl atom speed distribution (shown in Figure 2.12) allowed an instrument

function to be estimated. Using this analysis, the data could not be accurately

reproduced by reaction of chlorine atoms with ground vibrational state methane

molecules alone. By inclusion of methane molecules in the first vibrational state

of either the torsional or umbrella bending mode in the analysis, however, it was

possible to produce satisfactory fits to the experimental data. Although vibrational

cooling of methane in the molecular beam is inefficient, even by assuming a methane

vibrational temperature of 300 K, vibrational enhancements of the reaction cross-

section of 100–210 were required to explain the contribution to the observed signal of

umbrella bend or torsion mode excitation in the methane that was determined. De-

spite the good agreement between these results and those of Kandel and Zare [287],

such a high level of vibrational enhancement for either the ν2 or the ν4 mode seems

unlikely to be correct. Note that, in contrast, owing to the late barrier in the re-

action [294, 295], excitation of the methane stretching modes would be expected to
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yield a significant reaction cross-section enhancement, as observed experimentally

by Zare and co-workers [208, 287] and Crim and co-workers [258, 292], and predicted

theoretically by Duncan and Truong [274] and Corchado an co-workers [297].

The second analysis procedure, in which the measured Cl atom speed distribu-

tion was assumed to accurately reflect the true Cl atom reactant speed distribution

in the free-jet expansion, represents the limit in which there is no detector function.

Satisfactory fits to the data were obtained using this analysis by including only

contributions from methane molecules in the ground vibrational state. The reac-

tion cross-section enhancement through vibrational excitation of the low frequency

modes in the methane reactants determined from this analysis might therefore be

small. This would be in broad agreement with the findings of the previous studies

by Michelson and Simpson [198] and Liu and co-workers [88], in which the um-

brella bending mode vibrational enhancement was estimated to be ≤ 2 and ∼ 3

respectively.

The principal question raised by the second analysis procedure concerns the ori-

gin of the broad chlorine atom reactant speed distribution necessary to fit the data.

One possible explanation could be that the interaction region was larger than ex-

pected, owing to the finite photolysis laser focal region and the use of a free-jet

expansion rather than a skimmed molecular beam. Under these conditions, the

precursor and target reactant molecules might have possessed significant velocity

components perpendicular to the molecular beam/time-of-flight axis. If this were

the case, the width of both the Cl reactant and CH3 product velocity distributions

would have been increased. Simulations were performed in order to determine the

effect on the Cl atom speed distribution of these simple geometric arguments. A

Cl atom image returned by this simulation is compared with a typical experimental

image (shown previously in Section 2.9.2) in Figure 6.17. In these simulations, the

angular dependence of the free-jet expansion was assumed to be well approximated

by a cos2 θ distribution, where θ is the angle of deviation from the propagation di-

rection of the molecular beam. A translational temperature of 50 K and a 9 mm3
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Figure 6.17: Comparison of the experimentally determined ion image (left) with
the ion image returned by simulation (right) of the Cl(2P3/2) atom products of pho-
todissociation of Cl2. The simulated image was generated assuming a cos2 θ angular
dependence of the free-jet expansion, with a 50 K translational temperature and a
9mm3 interaction volume.

interaction volume were used in the simulation. The chlorine atom speed distribu-

tion obtained from the simulated image is compared to that determined from the

experimental ion image in Figure 6.18. The simulated speed distribution is seen to

reproduce accurately the width of the peak at the most probable speed in the exper-

imental image. The low and high velocity ‘wings’ on the experimentally determined

distribution, however, are not accounted for by the simulation and an alternative

explanation for the existence of chlorine atoms with these speeds is required.

One further possible explanation exists to account for both the broad chlorine

atom speed distribution observed and the presence of methyl radical products formed

with high speeds, which were accounted for in the first analysis procedure by inclu-

sion of vibrationally excited methane reactants. Secondary collisions between both

the Cl+ and CH+
3 ions and other gases present may have taken place as the ions

were accelerated towards the detector. Since the Cl+ and CH+
3 ions travelled along

the flight tube with different velocities due to their different masses, they may have

been scattered to different extents. The instrument function determined from the

ion images of chlorine atom products of Cl2 photodissociation will, therefore, not

necessarily be applicable to the methyl radical products of the reaction. Use of an
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Figure 6.18: Comparison of the Cl(2P3/2) atom speed distributions obtained from
the simulated (—) and experimental ( - - -) ion images in Figure 6.17.

alternative instrument function for the methyl products could thus yield sensible

results from analysis of the observed experimental data employing the first Legen-

dre moment fitting procedure. Owing to the very similar conditions employed in

the current study and the previous work by Zare and co-workers [111, 287], the hy-

pothesis presented here might provide an explanation for the apparent vibrational

enhancement seen in these earlier experiments and may go some way to reconciling

the differences between the results obtained by Zare and co-workers [287] and Liu

and co-workers [88]. Further experimental work to investigate the various points

raised here is therefore required.

6.5 Conclusions and Future Work

New experiments on the H and D atom abstraction reactions between atomic chlorine

and CH4, CD4 and CH3D, in which the methyl radical products were detected via
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REMPI coupled with velocity-map ion imaging, have been performed. For the

Cl + CH4 and Cl + CD4 reactions, the LAB frame velocity and speed-dependent

translational anisotropy distributions are in excellent agreement with the previous

REMPI-TOF core-extraction work of Kandel and Zare [287]. A Legendre moment

fitting analysis of the methyl radical ion images following procedures analogous

to those employed in the core-extraction experiments [110, 111, 287], in which an

instrument function is estimated from ion images of the Cl atom reactants, suggests

that a significant fraction of the observed signal originates from reaction of Cl atoms

with vibrationally excited methane molecules. Both the CM angular scattering

distributions derived using this method and the estimated reaction cross-section

enhancements for one quantum of vibrational excitation are in excellent agreement

with the previous findings from Kandel and Zare [287].

However, it has also been shown that the present velocity-map ion imaging data

are amenable to an alternative interpretation, one which is consistent with the new

crossed-molecular beam data obtained by Liu and co-workers [88]. A second Leg-

endre moment analysis procedure, in which the chlorine atom ion images are used

to provide a direct indication of the Cl atom speed distribution in the free-jet ex-

pansion, is seen to provide a satisfactory fit to the experimental data, without the

consideration of reaction of chlorine atoms with vibrationally excited methane be-

ing required. Allowing for the comparatively broad range of collision energies, the

dependence of the CM angular scattering distribution on collision energy is found

to be an important factor in determining the quality of the fit. The CM angular

scattering distributions thereby derived for the reactions with ground state methane

show peaks in the sideways/backwards directions, that shift towards the forwards

hemisphere with increasing collision energy. The methyl radical products of the Cl

+ CD4 reaction are seen to be more backward scattered than those for the H atom

abstraction reactions with CH4 or CH3D. The CM angular scattering distributions

for the reactions with ground vibrational state CH4 and CD4 appear to be in good

agreement with the most recent quantum mechanical scattering calculations of Yu
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and Nyman [276, 304]. Given the differences in collision energy conditions, the re-

sults of this analysis are also found to be in good agreement with those from the

latest crossed molecular beam time-sliced ion velocity imaging study of Liu and

co-workers [88].

Assumptions made here about the reactant velocity distribution in the un-

skimmed molecular beam have been shown to have a profound effect on the in-

terpretation of the experimental data. However, provided that the reactant velocity

distributions can be well characterised, the photoloc method coupled with velocity-

map ion imaging can yield reliable information about the scattering dynamics. Fur-

thermore, it should be possible to make significant improvements to the resolution of

the photoloc/velocity-map ion imaging technique used in the experiments presented

here. Work to address this issue is currently underway in the Brouard group. New

molecular beam source and scattering chambers are presently being designed and

constructed to accommodate both a new pulsed valve and a new turbo-molecular

pump, with the overall aim of improving the quality of the molecular beam pro-

duced. It is hoped that in future experiments it will therefore be possible to form

a skimmed, or at least collimated, molecular beam suitable for use in the study

of photon-initiated reactions, and thereby eliminate many of the uncertainties con-

cerning the velocity distribution of the atomic reactants. Note that there will be

an associated decrease in the number density in the interaction region and thus the

signal levels attainable with formation of a skimmed molecular beam. However, a

recently purchased Nd:YAG pumped dye laser system and a new imaging detector

are thought to have improved the product detection efficiency by a sufficient degree

to overcome this potential difficulty. It is hoped that further work on the reaction

of atomic chlorine with methane using this new apparatus will shed additional light

on the precise levels of reaction cross-section enhancement yielded by excitation of

the vibrational modes in the methane reactant.
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and J.F. Castillo, J. Chem. Phys., 120, 3255 (2004).

[118] F. Fernández-Alonso and R.N. Zare, Annu. Rev. Phys. Chem., 53, 67 (2002).

[119] B.D. Bean, J.D. Ayers, F. Fernández-Alonso, and R.N. Zare, J. Chem. Phys.,

116, 6634 (2002).

[120] F. Fernández-Alonso, B.D. Bean, R.N. Zare, F.J. Aoiz, L. Bañares, and J.F.
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