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Abstract

A time-dependent quantum mechanical approach is used to study the vibrational predissocia

tion of small weakly bound complexes. The vibrational predissociation process involves the 

breaking of one or two weak intermolecular bonds. Information such as the vibrational pre

dissociation lifetimes and product distributions are extracted from the evolving wavepacket 

and compared with previous theoretical calculations and experimental results when available. 

Dynamical information about the process can also sometimes be obtained from studying the 

wavepacket at various time intervals. Three-atom complexes of the type XBC, where X is a 

closed shell atom and BC is a diatomic molecule are studied (for example NeCl2 , HeCl2 , Ne- 

ICl, HelCl and HeBr2 ). In the studies on HeBr2 we obtain a good agreement with both previous 

theoretical and experimental results. Two types of four-atom complexes are studied. The first 

type is an extension of the three-atom complexes studied in which there is an additional closed 

shell atom and can be expressed as X2BC (for example Ne2 Cl2 , He2 Cl2 , Ne2Br2 and He2 Br2 ). 

The first theoretical studies on X2 Br2 complexes show that they dissociate via a sequential 

mechanism like that of the X2 CI2 complexes. The second type is of the form A2 -BC, where A2 

and BC are homonuclear and heteronuclear diatomics, respectively (for example D2 -HF, H2 - 

HF, D2 -OH and H2 -OH). We have developed for H2 -HF an improved potential energy surface 

based on ab initio computations and find that it gives very similar results to that of the previous 

surface. Finally, comparison with experiment for H2 -OH has given the first insights into the 

mechanism of decay for this system. It is found that the time-dependent wavepacket approach 

is a useful method for studying the vibrational predissociation of weakly bound complexes.
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Chapter 1

Introduction

1.1 What is Vibrational Predissociation?

The study of weakly bound molecules, both experimentally and theoretically, is an important 

field of current research. In particular, studies of the fragmentation of such molecules have 

led to a clearer understanding of unimolecular reaction dynamics. The process by which these 

molecules are most commonly observed to fragment is vibrational predissociation (VP) and is 

the result of an energy transfer between the intramolecular and intermolecular modes. These 

complexes consist of two stable monomers held together by weak, long range interactions. 

Experimentally they are prepared at very low temperatures in specific metastable quantum 

states which typically correspond to one of the monomers vibrationally excited. The energy 

contained within the monomer is not sufficient to break this relatively strong bond. However, 

through a coupling between the monomer and the weak van der Waals bond, energy may be 

transferred which results in the fragmentation of the complex. The coupling between these 

modes is very small and the lifetimes of such molecules can therefore be very long. The 

vibrational predissociation process can be of the order of picoseconds or even as much as 

microseconds in length whereas typical photodissociation processes take place on much shorter 

time-scales.^ A direct comparison between experiment and theory can lead to a fundamental 

understanding of this process. In particular, the development of exact theoretical treatments 

have not only provided us with detailed information about the dynamics of the fragmentation
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but can also be used as a benchmark against which more approximate methods can be tested. 

Comparison between experiment and theory may also give information about the quality of 

the potential energy surface used within the calculation. Improvements can then be made 

and the calculations repeated until good agreement is achieved. The ultimate goal of such 

studies is therefore one of complete understanding of the weak intermolecular forces. However, 

theoretical studies of such complexes are extremely challenging because of the relatively long 

lifetimes. This thesis is concerned with the time-dependent quantum mechanical study of the 

vibrational predissociation process.

1.2 Previous Theoretical Studies of Vibrational Predissociation

There have been numerous experimental and theoretical studies on the vibrational predissoci

ation of three-atom van der Waals complexes. The three-atom van der Waals molecules under 

consideration are of the form XBC, where X is a closed shell atom and BC a diatomic molecule. 

Initially these complexes are prepared with BC vibrationally excited. The transfer of energy 

from the BC bond to the weak van der Waals bond results in vibrational predissociation. The 

first of these systems to be investigated thoroughly was Hel2 . This was the first van der Waals 

molecule for which the vibrational predissociation lifetime was given unequivocally by a su

personic jet beam experim en t.S u b seq u en t experimental studies showed that the transfer of 

one vibrational quantum from the diatom was sufficient to dissociate the complex.^

Theoretical calculations on XBC complexes focused on Hel2 initially and employed re

duced dimensional, time-independent quantum mechanical m e t h o d s . T h i s  was an analytical 

method in which the complex was fixed in the collinear arrangement. However, experiment 

showed that in the B electronic state the metastable Hel2 adopts a T-shaped configuration.^ 

Theoretical calculations were therefore performed using a numerical method in which the com

plex was considered as T-shaped. More accurate calculations followed which implemented 

the close-coupling method and showed that the lifetimes of the Hel2 complex were insensitive 

to the long range part of the potential.^ * The inclusion of the rotational degree of freedom was 

originally achieved using the infinite order sudden (lOS) approximation and it was found that 

the lifetimes changed by a factor of 2-3 when compared with the T-shaped r e s u l t s . I t  was also
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concluded that the process was essentially a ‘half collision’ process because rotational prod

uct distributions showed that only a small fraction of the available energy went into rotation. 

Reviews of the experimental^^’ and theoretical^^ procedures used in the previous studies at 

that time gave an overview of the techniques and results thus far. Methods using the distorted 

wave treatment for vibration and lOS approximations for rotation were also used to study very 

high vibrational levels and the breakdown of the propensity rule^^ which had previously been 

studied experimentally.^^ A time-independent golden rule method was also applied to this 

system. This method is particularly suited to such a system because there is only a weak 

coupling between the vibrational states of the diatom.

So far only time-independent calculations have been mentioned but time-dependent meth

ods have also been used to study such systems. The first such calculations were approximate 

and treated only two degrees of freedom. In particular, the time-dependent self-consistent 

field (SCF) method was applied to Nel2 . This system had not been considered theoretically be

fore but has been studied experimentally.^* A novel extension to the existing time-dependent 

studies was introduced by Halcomb and Diestler^^ who used a hemiquantal approach in which 

some of the degrees of freedom are treated classically. An exact time-dependent method was 

reported by Bisseling et a l P  for the collinear model and was compared to a more approximate 

time-dependent self-consistent field method. Following this work an accurate three degrees of 

freedom time-dependent method was developed by Gray and Wozny to study NeCl2 .̂ '̂  This 

approach used a basis set expansion coupled with the Fourier m e t h o d . I t  was found that 

information about the dissociation process could be obtained from relatively short propaga

tion times. The complex, NeCl2 , had been previously studied experimentally where not only 

lifetimes but also rotational product distributions have been obtained.^^"^* Theoretical calcu

lations have also been performed for this system using time-independent quantum mechanical 

methods and were found to give a good agreement with experiment.^*’

Gray and Wozny then went on to study the VP of a number of different complexes, which 

included HeC^, NelCl and HelCl.^^ These complexes had all been previously studied exper

imentally and theoretically. In particular, for HeCl2 both lifetimes^^’^̂  and product distribu

tions^^’ had been measured experimentally. The rotational product distributions showed a
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bimodal distribution and when time-independent calculations were performed a good agree

ment was found.^^ For HelCl experimental lifetimes and rotational product distributions had 

been reported.^^’^̂  Theoretical calculations showed that the extensive rotational excitation, 

found in the rotational product distributions, was due to the final state interactions, rather than 

the initial state or the coupling between initial and final states.

In the case of NelCl there have been numerous experimental studies by Lester et 37,40-44 

and an exact three degrees of freedom time-independent calculation by Roncero and co-workers'^^ 

which agreed well with the experimental rotational product distributions. This exact time- 

independent method of Roncero and co-workers was then used as a benchmark against which 

other approximate methods such as the golden rule and rotational lOS approximation meth

ods were tested. It was found that the approximate methods gave reasonable accord with the 

exact method and they concluded that these approximate methods would be useful in testing 

the potential energy surface. This system was then treated using a two degrees of freedom 

time-dependent golden rule method'^^ which was later extended by Zhang and Zhang to in

clude the rotation.'^^ '̂  ̂ Good agreement with previous experimental and theoretical work for 

both HeCl2 '̂  ̂ and HeL'^^ was obtained. This method utilised the interaction representation of 

the wavepacket which had previously been used by Zhang in reactive scattering calculations'^^ 

and by Das and Tannor in their study of Hel2 .̂ ®

More recently Gray^^ has refined the exact wavepacket method by the use of the short 

iterative Lanczos me t hod^ ^ ' and  applied it to the study of Arl2 ,̂ ^̂  Nel2 and Hel2 .̂  ̂ Experi

mentally Arl2 was found to be an interesting complex because electronic predissociation (EP) 

competes with vibrational predissociation (VP).^^ In electronic predissociation the diatom I2 

may also break and EP unlike VP, involves the coupling of more than one electronic state. 

Typically EP can be detected when an irregular vibrational dependence in the lifetimes is ex

hibited. Theoretical studies have considered the EP of Arl2 using the time-dependent golden 

rule method^^’^̂  and were able to reproduce the oscillation of the EP rates which had been 

observed experimentally.^^’ The complex Arl2 , was originally observed experimentally by 

Levy and co-workers^^ but more recent experiments have been performed by Zewail in the 

time d o m a i n . I t  had been shown that the transfer of three or more quanta of vibration from
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the diatom is required for dissociation. Further theoretical studies by Gray and co-workers^^ 

showed that a sequential intramolecular vibrational energy redistribution dominated the dis

sociation and have included calculations where the total angular momentum was greater than 

zero.^^’ "̂̂

Recent theoretical attention on XBC complexes has also focused on the improvement of the 

potential energy surface (PES). Previously simple analytical forms derived from experimental 

data had been considered. It is now possible to perform ab initio calculations on these systems; 

examples include HeCl2 ^ ’̂̂  ̂ and ArCl2 .̂  ̂ Three-atom potentials have also been developed 

using the diatomics in molecules method and has been applied to NeCl2 ^̂  and Arl2 .^^’^  ̂ The 

reason for this interest in the improvement of the potential energy surface is that the com

putational power available to the quantum chemist has increased significantly and reasonable 

quality ab initio calculations can now be performed. Another reason for this interest is that 

the accuracy of quantum scattering calculations does depend upon the PES and therefore it 

is desirable to have the most accurate surface possible. It was concluded from the work on 

HeCl2 that the ground state of this system not only has a minimum at the T-shape geometry but 

also in the linear configuration.^^ In the excited electronic states, which are those involved in 

vibrational predissociation of HeC^, a minimum at the T-shape geometry only was found.

Therefore, VP in a wide variety of triatomic systems has previously been studied and 

include systems where the BC diatom is I2 (for Hel2 see Ref. [2-12,14, 16-18, 20, 22, 23, 

48, 50, 55, 71-85], Nel2 see Ref. [19, 21, 55, 61, 71, 73, 84, 8 6 - 8 8 ] and Arl2 see Ref. [54, 

56-62,64, 69-71, 84, 89,90]), CI2 (for HeCb see Ref. [33-36,47,65,66,91-94], N eC ^ see 

Ref. [24,27-33,68,92-100] and ArCl2 see Ref. [67,69,92,93,101-110]) and Br2 (for HeBr2 see 

Ref. [111-116] and NeBr2 see Ref. [117-120]). Systems involving heteronuclear diatoms such 

as NelCl (see Ref. [33,37,40-46,94,100,121] and HelCl (see Ref. [33,37-39,94,100]) have 

also been studied. There have also been theoretical studies on such systems as ArH2 ,^^^’^̂  ̂

A r H C l i 2 4  ArOH.^25

There have been relatively few full dimensional quantum-mechanical calculations on the 

unimolecular dissociation of tetra-atomic complexes. An approximate theoretical treatment of 

the HF dimer and HF-DF was performed by Ewing. This work considered the vibrational
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predissociation process of the system in which one of the HF monomers is initially vibrationally 

excited. The transfer of energy to the weak intermolecular bond results in fragmentation of the 

complex. However, in the process there is sufficient energy to not only break this weak bond 

but also to give rotational excitation of both monomers and to vibrationally excite the other 

monomer for HF-DF. This theoretical work established that the vibration-to-translation {V-T) 

process is extremely inefficient compared with the vibration-to-rotation, translation (V-R,T) 

and vibration-to-vibration (V-V) processes. Essentially the energy difference between reactants 

and products is minimized. This reduces the amount of energy available to product translation. 

Therefore, dissociation occurs faster for the more efficient V-V process.

The VP of diatom-diatom systems was studied using a time-independent close coupling 

m e t h o d . T h i s  technique gave both lifetimes and rotational product distributions for the VP 

of D2 -HF. A potential energy surface based on ab initio computations was used. This com

plex was initially prepared with one quantum of vibrational stretch in the HF bond. It may 

then dissociate by vibrational predissociation using a V-V process in which the D2 is produced 

vibrationally excited. When the lifetimes were compared with experimental results, obtained 

from infrared laser absorption spectra, there was a good agreement. When experiments us

ing an optothermal detection method were able to measure rotational product distributions for 

the dissociation, the calculations were found to give a quantitative agreement.

Subsequently Zhang et using a time-dependent golden rule method for D2 -HF,

also obtained good agreement with both experiment and previous theoretical calculations. This 

method was essentially an extension of the method Zhang et a l  had developed for the study of 

VP in triatomic c o m p l e x e s . T h i s  method is approximate because throughout the propaga

tion not all vibrational states are considered. Only at the very beginning is the initial vibrational 

state included which corresponds to the HF vibrationally excited. Once a coupling potential 

has been applied, the wavepacket is evolved only on the final vibrational state. This final state 

corresponds to where D2 is vibrationally excited and HF is in its ground vibrational state. This 

final state is therefore the one on which dissociation occurs. The advantage of this method is 

to reduce the computational time of the calculation. This meant that they were able to study 

the VP of H2 -HF where the HF is initially vibrationally excited. However, in the vibra-
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tional predissociation of the complex there is not sufficient energy to vibrationally excite the 

H2 monomer. For this reason the VP process is that of V-R,T and means a large amount of 

energy is released in this inefficient energy transfer process. The H2 -HF system is therefore a 

much more demanding dynamical problem than that of D2 -HF because the inefficient process 

results in narrower resonances and an increased number of open rotational channels. There

fore because the time-dependent golden rule method is only concerned with the final state 

interactions, the calculations become computationally feasible. Experimental results had pre

viously been obtained for the lifetimes and were found to have a large discrepancy with the 

calculations.*^^ When rotational product distributions were obtained they were found to dif

fer significantly from the calculations.*^^ It was suggested that these differences were due to 

inadequacies in the potential energy surface.

The time-dependent golden rule method has also been improved by incorporation of a flux 

formulation and was applied to the study of the photo-fragmentation of HF-DF. *̂^̂  This time- 

dependent flux method had the advantage over the previous method in that bound states do not 

have to be projected out from the initial wavepacket. Zhang et a l  have also applied a time- 

independent version of the golden rule method in the study of the VP of the HF dimer. *̂  ̂ In 

that investigation the control of the excitation of the intermolecular bond was considered and 

showed that the lifetimes varied considerably.

Recent experimental work has started to consider the complexes formed by H2 and OH, 

and their subsequent decay.*^^*"*^ The infrared spectroscopy and time resolved dynamics were 

achieved using an IR-UV double resonance fluorescence technique. *̂  ̂ The complexes formed 

by H2 and OH are of interest because not only can VP occur but also a reactive decay mecha

nism by which H + H2 O is formed might be possible. This is because a specific intramolecular 

vibrational mode of the H2 -OH complex is excited providing enough energy to break the weak 

intermolecular bond and/or to surmount the barrier to reaction. Therefore, the pre-reaction 

complex may decay by vibrational predissociation to reform the reactants or undergo reaction 

to form products. Initial experimental work focused on the excitation of the OH bond*^^’ *"*® 

but more recent work has considered complexes in which the H2 is vibrationally excited using 

stimulated Raman excitation.*"**’ *"*̂ The H2 + OH reaction has become a benchmark system for
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theoretical calculations of the reaction dynamics in four-atom systems. Previous theoretical 

calculations predicted the infrared spectrum of the H2 -OH complex in its electronic ground 

state and employed a high level ab initio potential energy surface. However, there have been 

no theoretical studies on the decay of the H2 -OH pre-reaction complex.

Four-atom systems of the type X2 BC have also been investigated both theoretically and 

experimentally. In these complexes X are rare gas atoms such as He or Ne, and BC is a di

atomic molecule, such as CI2 or I2 . These systems are very demanding dynamically because the 

complex may fragment into one of several different products. For this reason full-dimensional 

calculations have not been carried out. In particular, the first quantum mechanical study on 

such a system employed a three degrees of freedom time-dependent method which was an 

extension of the technique Gray originally used in the study of VP in triatomic systems.^"^’^̂  

The complexes investigated were Ne2 Cl2 and He2 Cl2 . Even though the calculations utilized 

a reduced dimensional model they were found to give a rough agreement with experiment for 

Ne2 Cl2 .̂ '̂  ̂ Gray has also undertaken three degrees of freedom studies of Ne2 l2 and He2 l 2 -̂  ̂

More recently, a four degrees of freedom model has been used in the study of VP in Ne2 l2 .̂ "̂  ̂

This model incorporated the angle between the two rare gas atoms which had previously been 

treated adiabatically. Good agreement with experimental r e s u l t s f o r  the VP lifetimes was 

found. Due to the complicated nature of the dissociation of such systems, an approximate 

time-dependent Hartree method has also been applied with some success. A hybrid classi

cal/quantum approach to the decay of He2 Cl2 has also been developed in which the first weak 

bond fragmentation is described classically and the second one quantum mechanically. This 

method allows rotational product distributions of CI2 to be obtained and has given a good 

agreement with experimental results.

The VP of Ar-H2 0  which is not of the type discussed above has also been treated using 

an accurate time-independent quantum mechanical approach. These calculations modelled 

the process in which the asymmetric stretch of the water was initially excited. Energy is then 

redistributed in the VP process such that the intermolecular bond is broken and the symmetric 

stretch of the water is excited. Time-independent methods have also been used with various 

approximations to study the VP of larger polyatomic systems such as Ar-NHs^^^ rare gas-
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ethylene c lus t e r s , e thy l ene  and Ar-para-difluorobenzene complexes.

1.3 This Research

In this thesis a time-dependent quantum mechanical method is applied to the study of three 

and four-atom vibrational predissociation. Experimental observables such as the vibrational 

predissociation lifetimes and product distributions of the diatomic fragments are obtained. The 

analysis of the evolving wavepacket can also be used to gain an understanding of the mecha

nistic processes involved. The three-atom systems that are studied may be expressed as XBC, 

where X is a closed shell atom and BC a diatomic molecule. More specifically the complexes 

which were studied by Gray and Wozny^"^’ are used to validate the time-dependent method 

and includes NeCl2 , HeCl], NelCl and HelCl. A comparison with experimental data will also 

be made where available. This time-dependent method is then applied to the HeBri system 

and comparison with e x p e r i m e n t * a n d  theory* 114 jg performed. If another closed shell 

atom X is added to the triatomic system a four-atom system given by X%BC is obtained. In 

the first instance the complexes Ne2 Cl2 and He2 Cl2 are studied and comparison with Le Quéré 

and Gray*"*  ̂ is made. This method is then applied to Ne2 Br2 and He2 Br2 where neither have 

been previously studied experimentally or theoretically. We also study the complexes of the 

form A2 -BC, where A2 is a homonuclear and BC a heteronuclear diatomic. In particular, D2 - 

HF and H2 -HF are studied and a comparison with experiment*^^’ and theory is

performed. Due to a discrepancy between experiment and theory for the vibrational predissoci

ation of H2 -HF a new potential energy surface is developed and calculations performed on this 

new surface are compared with those on the older surface. Finally, the first theoretical treat

ment on the vibrational predissociation of the D2 -OH and H2 -OH complexes are also reported 

and compared with experiment.
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Chapter 2

Vibrational Predissociation

2.1 Introduction

The fragmentation of a weakly bound triatomic complex may be given by

XBC(m) ~ ^ X - \ - B C { v f , j f )  (2.1)

where X is a closed shell atom, such as a rare gas atom, and BC is a diatomic molecule. X is 

weakly bound to BC which is prepared in some metastable state m,  which fragments to give BC 

in product vibration and rotation quantum numbers v j  and j j  respectively. The XBC system 

involves only three degrees of freedom if the total angular momentum J  is taken to be zero. In 

the initially prepared state the B-C vibrational energy is greater than the dissociation energy of 

the van der Waals molecule. The coupling of the BC and the van der Waals modes leads to an 

intramolecular vibrational energy redistribution, which results in vibrational predissociation of 

the complex. The lifetimes of such processes are relatively long, due to the weak nature of the 

coupling of the vibrational modes.

If we add another rare gas atom to the triatomic system we obtain the four-atom system 

X2 BC. This system can dissociate by vibrational predissociation such that

X2 BC(m) —^ 2X +  BC( u / , j / )  (2.2)

where X is a closed shell atom and BC is either a homonuclear or heteronuclear diatomic. This 

complex is prepared with BC in a particular vibrational excitation level and may then dissociate
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via a sequential mechanism in which one X atom is produced first or a direct mechanism in 

which both van der Waals bonds are broken simultaneously. With the sequential mechanism, 

the intermediate complex XBC may be formed and this can dissociate as described previously 

but only if there is enough energy remaining to break the second bond. Due to the complexity 

of this problem a reduced dimensional theoretical approach is commonly used in which the 

the X atoms are taken to be at right angles to the BC bond. Therefore, only the product vi

brational states and not rotational states of the BC fragment can be obtained from the evolving 

wavepacket.

We shall also be considering the fragmentation process of a tetra-atomic system such as

A2 -  BC(m) — y A 2 {v] f J] f )  -\-BC{v2f , j 2f )  (2.3)

where A2 is a homonuclear diatomic, and BC is a heteronuclear diatomic. This weakly bound 

complex is prepared in some metastable state, m,  where A2 or BC is excited to some particular 

vibrational excitation level like that of the three-atom system. The dissociation of this four- 

atom system is similar to that of the three-atom system in which the transfer of one or more 

quanta of vibrational energy from the diatom to the van der Waals modes results in fragmen

tation. However, in the diatom-diatom system this may also be accompanied by the transfer 

to the rotational and perhaps vibrational modes of the other diatom. The fragmentation of the 

four-atom system results in the breaking of the weak van der Waals bond. The two diatomics 

are formed in product vibration and rotation quantum numbers Vif and j i f ,  where i =  1 , 2  

corresponds to A2 and BC, respectively.

The modelling of these processes may therefore be separated into two parts; the evaluation 

of the initial metastable states, which is discussed in Chapter 3, and the evolution in time of 

such states, which is discussed in Chapter 4. The relevant observables, such as vibrational pre

dissociation lifetimes, may then be extracted from the evolving wavepacket. This is discussed 

in Chapter 5.
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2.2 The XBC System

2.2.1 Hamiltonian

If we consider a triatomic van der Waals system of the type XBC, it is useful to describe 

the system by Jacobi coordinates when the molecular process under consideration is that of 

dissociation along one of the vibrational axes. The Jacobi coordinates for the XBC complex 

are shown in Figure 2.1. The dissociation coordinate R  is the distance from the centre of mass 

of the diatomic molecule BC to the closed shell atom X and is the van der Waals stretching 

coordinate. The diatom intemuclear distance r  is the distance between the B and C atoms, and 

is the B-C stretching coordinate. The bond angle 7  is the angle between the bond vectors R  

and r. This angle describes the rotational motion of the X atom with respect to the diatom BC.

The Hamiltonian operator for the XBC system with total angular momentum J  = 0 may 

be given by (atomic units are used such that/z =  1 )

 ̂= S + É+ +  f ( i  + i )  +
where P and p  are the radial momentum operators corresponding to the degrees of freedom

R  and r  respectively, and the angular momentum operator corresponding to the 7  degree of

freedom is given by j .  The reduced masses are defined by

m x {m B -\ -m c)  . m êm eu, = ---------------------- and m  = --------------, (2.5)
m x +  tub +  m e  mg +  m e

where m e and m e  are the masses of the atoms X, B and C, respectively. The potential 

^Bc(^) is that of the interaction of B and C. The potential energy surface V {R ,  r, 7 ) for the van 

der Waals interaction is discussed in Section 2.2.2.

«
Figure 2.1; Jacobi coordinates for a triatomic 
van der Waals molecule where R  is the van der 
Waals bond distance, r is the BC bond distance 
and 7 is the orientation angle.
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2.2.2 Potential Energy Surface

In this work the potential energy surface for the XBC systems studied can be expressed as 

a sum of Morse pairwise potentials between the closed shell atom and each of the halogen 

a to m s . I t  may be written such that

— ^xb(^xb) +  Vxc{Rxc) ,  (2 .6 )

where

Vi {R i )  =  D i { e x p [ —2 a i { R i  — Ri ) ]  — 2 e x p [ —a i { R i  — .R J ]} (2 .7)

and i is either XB or XC. The distances R%B and R x c  are those between the closed shell atom 

and the B or C atom, which can be given by

R x b  = \J  + (/^BC^)^ — 2 /iBcRT' cos 7 , (2 .8 )

and

Rx c  =  +  ( 1 — HbcY't^ - 2 (1 — HBc)Rr  cos 7 . (2.9)

The equilibrium values of these distances are denoted by Ri  and ai, Di  are the Morse parame

ters. The reduced mass, /iBC. is given by =  rnc/{mB +  me).

The potential energy surface may also include a long range tail, in which case the potential 

can be split into two parts such that below a certain value of the van der Waals bond distance, 

R*, it takes one form and above that value it takes another which involves a long range tail. 

Thus, it can be written as

V { R , r , j )  = Vm { R , t' , i ), if iriin(RxB,Rxc) <  R*,

V { R ^ r , j )  =  Vir{R, j )  +  (V M (R ,r,7 ) - V i r { R , ' y ) ) f { R ) ,  if m in(RxB,Rxc) >  R * ,

(2J0)

where Vm {R, r, 7 ) is equivalent to the form shown in Equation (2 .6 ). The long-range attractive 

interaction Vir{R, 7 ) is given as

V,r(R,'l) =  - C 6 (j )R-^ -  (2 .11)
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where the Cni'yYs. are given by

— Cfifi 4" (7jt,j2-P2(cos'y). (2 .1 2 )

The switching function is of the form

f { R )  = ex p [-4 (fl -  R ' f / R l B l ,  (2.13)

and the switching point R* is defined as

R* = R xb +  ln(2)/axB- (2.14)

The parameters used for each of the XBC systems studied in this work are taken from Ref. [33, 

114] and are shown in Section 6.1.2.

2.3 The X2BC System

2.3.1 Hamiltonian

If we now consider the four-atom system, X2 BC, the coordinates are shown in Figure 2.2. In 

this complex there are now two dissociation coordinates R\  and R 2 and they correspond to 

the distances from each of the X atoms to the centre of mass of BC. The intemuclear distance 

between the B and C atoms is given by r. The angle between the X atoms is 6  and throughout 

this work is held fixed. Therefore, the diatom X% cannot be formed in the products using this 

approximation. The angle between each X atom and the BC bond is also fixed at 90°. The 

only coordinates which are included explicitly are the two dissociation coordinates and the BC 

bond distance. This means the BC diatom can vibrate but not rotate in this model. The reason 

for these approximations is that the two intermolecular bonds can both break in the vibrational 

predissociation process and therefore this complicates the picture and makes it more difficult 

to model.

The full Hamiltonian for the X2 BC system can be expressed as (atomic units are used such 

that/i =  1)147
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where p, P\ and Pj  are the momentum operators associated with the r, jRi and R 2 coordinates. 

The angular momentum operator associated with r  is given by j  and is the angular momentum 

operator associated with Ri,  where i = \, 2. The reduced masses m  and fi are given by

m  = and ^  . (2.16)
m s +  m e m% +  m e +  m e

The potential Vbc(’’) is a Morse potential which describes the interaction of the B and C atoms. 

Gray and Le Quéré^"^  ̂ then constructed a reduced form of Equation (2.15) involving only those 

coordinates shown in Figure 2.2 and with 6  held fixed. The model Hamiltonian obtained by 

Gray and Le Quéré for a X2 BC system in which BC is a homonuclear diatomic may be written

as"5

^  =  ê  +  +  §  +  §  +  + V ( r M O ) ,  (2.17)

where the potential energy term V  is discussed in Section 2.3.2.

2.3.2 Potential Energy Surface

The potential, V (r, i? i , i^2 , in Equation (2.17) may be written such that

V { r , R \ , R 2 , 0 ) — VxBc{r,Ri)  +  VxBc{r, R i )  +  V x x {R ] ,R 2 , 0 ). (2.18)

Each of these potentials are taken to be a sum of atom-atom interactions such that

VxBc{r, Ri) = Vx b {Rxb) +  ^ c (-R x c ), (2.19)

Figure 2.2: Jacobi coordinates for tetra-atomic 
_  systems such as X2BC where R\ , Rj  are the dis-

-l 0 sociation coordinates, r is the BC bond distance
 ̂ C _ and 6  is the angle between the two X atoms. Both

van der Waals bonds R\ and R 2 are at 90° to the 
R 2 "  ̂ BC bond r. Throughout the calculations 6 is held

fixed.
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where z =  1 , 2  and

^ x x (^ i,-R 2 ,^) = Vxx{Rxx)- (2 .2 0 )

The distances Rxb, R x c  and Rxx are given by

R xb — \JR^  (2 .2 1 )

Rxc = \JR]~^ i} ~ (2.22)

where /lzbc - me/{rriB +  me)  and

R x x  — 2 R 1R 2 COS 6 . (2.23)

Then Vxb(^xb), VxciRxc)  and Vxx{Rxx)  are given by a Morse potential such as that given 

in Equation (2.7).

2.4 The A2-BC System

2.4.1 Hamiltonian

The four-atom system A2 -BC, may be described with either body-fixed, or space-fixed coordi

nates. The body-fixed coordinates are shown in Figure 2.3. The dissociation coordinate R  is 

the distance from the centre of mass of A] to the centre of mass of BC. The bond lengths r\ 

and V2 correspond to that of A2 and BC respectively. The angles 61 and 62  are such that they 

give the orientation of r\ and r 2 , with respect to R.  The angle (j) is the out-of-plane torsional 

angle. This system of coordinates was used in the ab initio calculations of the potential energy 

surface, but in the time propagation space-fixed coordinates, R, r\,  V2 , 0\, (j)\, 6 2 , (j>2 . O', (f)' are 

used. The angles 0' and 0' correspond to the orientation of and R  has the orientation angles 

O' and (f)'.

Calculations on these diatom-diatom systems are treated without approximations to the 

coordinate system so none of the degrees of freedom are held fixed, unlike the X2 BC complex 

where all the angular coordinates were fixed at a particular value. The Hamiltonian of a diatom- 

diatom complex in space-fixed coordinates can be given by (atomic units are used such that
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_  1\158h — \)

f f - | ;  +  Â ,( n ) + Â 2 {r2 ) +  ^  +  ^  +  ^  +  F, (2.24)

where P  is the radial momentum operator corresponding to the R  degree of freedom. The 

angular momentum operators, j \ ,  and L, are associated with the rotation of r i ,  T2 and R , 

respectively. The reduced mass, fi, corresponds to that between the centre of mass of A% and 

BC, such that

M ] M 2
= (2.25)

Ml + M 2

where M i and M 2 are the reduced masses of A2 and BC, respectively. The reference diatom 

Hamiltonian h\ and fi2 correspond to A2 and BC, respectively. The potential energy surface, 

V,  is obtained from a least squares fit to ab initio points and is discussed in Section 2.4.2.

2.4.2 Potential Energy Surface

For the A2 -BC systems studied in this thesis the potential energy surface, V,  is expressed in 

terms of body-fixed coordinates and may be expanded such that^^^

V ( R ,r i , r 2 , 6>i,0 2 , 0 ) =  Y j (2.26)
l\hl

where

min(Zi,(2) 'j
+  2 X  ( -^ r C ( lu h , l ,m , - m ,Q )P {^ ( d i ) P l^ (9 ï )o o ^ ( m c j , ) \ .  (2.27)

m—l /

R

Figure 2.3: Jacobi coordinates for A2-BC where R  
is the dissociation coordinate, r, is the A2 bond dis
tance, rj is the BC bond distance, 6 i is the orienta
tion of the A2 bond vector, 6 2  is the orientation of 
the BC bond vector and 0  is the torsional angle.
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The Clebsch-Gordon coefficients are given by the C s  and PJ^ is related to the spherical har

monic by

v r ( e ,  4>) =  P T W  exp(im<l>)/{2w)'/\ (2.28)

The radial function A  shown in Equation (2.26) can be expressed as

A L { R , r i , r 2 ) = {aL P  b iR )  e^\p{-2R) -  fL{R)cL{r\,  r2 ) / R!^^, (2.29)

where L denotes {l\hl)  and / l ( ^ )  is a damping function given by^^^

! l (R) =  1 -  exp . (2.30)

The parameters a L ,b i  and cl for those systems studied in this work are obtained from a least 

squares fit to ab initio data and can be found in Section 6.3.2.
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Chapter 3

Metastable States

3.1 Introduction

The initial condition of the time-dependent calculations is that of a metastable state. In par

ticular, this metastable state is defined as a particular vibrational state of a diatom within the 

system and quantum states of the intermolecular bending and stretching modes. It should be 

noted that although initial excitation of the intermolecular bond can be considered, in this 

thesis all the complexes have zero-point energy in the intermolecular bending and stretching 

modes. The transfer of energy, which is facilitated through the coupling of the intermolecular 

stretching and monomer vibrational modes, results in the dissociation of the complex. The 

time-independent Schrddinger equation for the metastable complexes studied is

H'lpmeta — -E'metaV’meta? (3.1)

where H  is the Hamiltonian operator, ipmeia is the metastable wavefunction, and £?meta is the 

metastable energy. The metastable wavefunction can be expanded as a linear combination of 

bending and stretching states. To obtain the metastable wavefunction, V̂metâ  it is necessary to 

choose the vibrational and rotational basis functions such that they describe the system well. 

Appropriate basis functions are discussed in Sections 3.2, 3.3, 3.4, 3.5 and 3.6. The determi

nation of the expansion coefficients is also very important and is achieved by diagonalization 

of Equation (3.1) which is discussed in Sections 3.7, 3.8 and 3.9.
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3.2 Diatomic Vibrational States in XBC and X2BC

The ID Hamiltonian for the diatomic molecule BC may be written such that

H bc = % H (3.2)
2 m

where p is the momentum operator and m  is the reduced mass given by Equation (2.5). The

potential Vbc(^") is that of a Morse oscillator and r  is the intemuclear distance. The time-

independent Schrodinger equation is

HBc{r)Xv{r) = EyXv{r), (3.3)

where Ey is the energy of the vibrational level v and Xv are the BC vibrational states. Solu

tions of Equation (3.3) are known analytically for the harmonic oscillator so it is convenient to

expand X v as a linear combination of harmonic oscillator states:

N
X v { r )  = ^ c n p i { R ) ,  (3.4)

where c% are the expansion coefficients and (pi are harmonic states given by

y , , ( r )  =  J V Æ K ) e x p ( - i e ^ ) .  ( 3,5)

The normalization constant is given by

/  1 \ ' / 2  

~  (ÿÜTTl/ 2  j  ’

and Hi{^)  are the Hermite polynomials. The parameter ^ is denoted by

^ =  (/cm)^/'^(r -  req), (3.7)

where k  is the force constant given by ( fVBc{r) /d(r  — rgq)^ and r^q is the equilibrium bond 

length of BC. The Hermite polynomials are given by the recursion relation

^ f i + , ( ( )  =  2^ ^ f ^ ( ( )  -  2% j f ^ _ i ( ( ) ,  ( 3.8)

with = 0 and i7o(0  =  1- The expansion coefficients, Ci, and vibrational energy levels,

Ey,  are the eigenvectors and eigenvalues, respectively, obtained from the diagonalization of the 

matrix

{̂ i>\HBcWi") ■ (3.9)
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In evaluating this matrix it is convenient to rewrite it as

= Si'i»Ei> +  {(pi'\VBc{r) -  Vno(r)\ipiii), (3.10)

where the harmonic oscillator energy levels are given by

Ei = (3.11)

and the Kronecker delta is given by =  1 if — i” or 0 otherwise. The harmonic potential 

is written as

VhoM  =  -  ^eq)^, (3.12)

and the frequency is given by w =  (/c/m)^/^.

3.3 Diatomic Vibrational States in A2-BC

The reference Hamiltonians of A2 and BC may be written such that

H n )  =  ^  +  Vi(n),  (3.13)

where Pi is the momentum operator, Mi  is the reduced mass and Vi(n) is the potential operator,

where « =  1,2 corresponds to A2 and BC respectively. The time-independent Schrodinger

equation is

^iirÙXviiXi) ~  EviXvii'^i)i (3.14)

where Ey. is the energy of the vibrational level and Xvi are the A2 or BC vibrational states. 

If we assume that Vi(ri) is a Morse potential and Xvi are Morse oscillator states, then the 

eigenvalues of Equation (3.14) are known analytically. Therefore, the Hamiltonian matrix can 

be written

{Xv',\hi{ri)\Xv'l) = ^v\v'lEy'.. (3.15)

The eigenvalues of Equation (3.15) are given by

Ey. — ^Vi +  2 )  ~  ^  2 )  4 ^  ~  (3.16)

where is the frequency and Di  is the dissociation energy of the diatomic bond.
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3.4 Van der Waals Stretching States

To represent the stretching of the van der Waals bond, R ,  we have a Hamiltonian given by

p2
-^vdW =  —  +  l^vdw(^), (3.17)

where P  is the radial momentum operator, 12 is the reduced mass of XBC, given by Equa

tion (2.5), or by Equation (2.25) for the A2 -BC complex and V'vdw(.R) is an approximation 

of the potential energy surface, with the other coordinates at their equilibrium values. The 

time-independent Schrodinger equation is thus

H^^d\^î]n(R) = En'HniR) (3.18)

where En  are the van der Waals vibrational energy levels and r]n{R) are the van der Waals 

stretching states.

In obtaining En and r]n{R) we may either assume that Vvdw(.R) is approximated as a har

monic or Morse potential. Let us first consider the case when a harmonic potential is used, 

such that

Kdw(.R) =  ^^vdw(.R — (3.19)

The van der Waals stretching states, r]n{R),  are then given by harmonic oscillator states ex

pressed as

r]n(R) = N n H n { 0 ^ ^ v { - ^ C ^ ) ,  (3.20)

where Nn  is the normalization constant given in Equation (3.6), Hn{()  are the Hermite poly

nomials evaluated using the recursion relation in Equation (3.8) and the parameter ^ is given 

by

(  =  (^vdWAt)' '̂^(.R -  req). (3.21)

Here the force constant, Aivdw is given by (fVydw^{R)ld{R — rgq)^ and req is the equilibrium 

distance of the van der Waals bond. The harmonic oscillator energy levels are then given by

En — “b WvdW? (3.22)
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and the frequency is given by Wyjw =  (^vdw//^)*/^-

If we now consider the situation when Kdw {R) is a Morse potential given by

V^dw(-f )̂ — -Ĉ vdw{̂ Xp[ 2o!vdw(-R ^eq)] 2exp[ 0 !vdw(-̂  ̂ ^eq)]}’ (3.23)

The Morse parameter Dvdw is given as the dissociation energy of the van der Waals bond 

which is equivalent to the absolute value of the well depth in the potential energy surface, V.  

The other parameter CKvdw is obtained from «vdw =  (A;vdw/2Dvdw) '̂^^- The van der Waals 

stretching states, r]n{R), can then be obtained using a similar procedure to that used for the BC 

vibrational states in XBC and X2 BC. They may therefore be expressed as a linear combination 

of harmonic oscillator states such as

N

'nn{R) — ^i'^i{R) 1 (3.24)
i=\

where c% are the expansion coefficients and ^pi{R) are harmonic states given by Equation (3.5). 

The normalization constant is given by Equation (3.6), Hi{^) are the Hermite polynomials 

shown in Equation (3.8) and the parameter ^ is given in Equation (3.21). The expansion coeffi

cients, Ci, and vibrational energy levels. En,  are the eigenvectors and eigenvalues, respectively, 

obtained from the diagonalization of the matrix

(3.25)

In evaluating this matrix it is convenient to rewrite it as

(v?i/|.Hvdw|(/?i''> =  Si>i>'Ei> +  (v?i'|Evdw(-R) -  Vko(^)|v?z"), (3.26)

where the harmonic oscillator energy levels, Ei  are given by Equation (3.22) and is

harmonic oscillator potential of the form shown in Equation (3.19).

3.5 Rotational States in XBC

The van der Waals rotational states (7 ) are given by

= jU  +  l)0 j(7 ) , (3.27)
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where p  is the angular momentum operator with, for J  = 0,

'■•2 f  d
- - - ' â fJ = - [  ^  + cot7—  ) . (3.28)

Therefore the rotational states (f)j (7 ) may be given by

*  (7 ) =  Y (cos 7 ) , (3.29)

where Pj  (cos 7 ) are the Legendre polynomials and are given by the recursion relation

[j +  ^)Pj+i(a;) =  {2j +  l )xPj{x)  -  j P j - i ( x ) ,  (3.30)

where Pq{x ) =  1, Pi{x)  =  x  and x  — cos7 .

3.6 Rotational States in A2-BC

The space fixed angular basis set, for a diatom-diatom system, is given by

X  C ü i ,  j i j n ,  m i , m 2 , m i 2 ) C { j n , L , J , m i 2 , - m i 2 , 0 )
mi ,m2 ,mi2

X Y""i0[,4,\)Y]^^e'2,<t>'2)Y^”''^i0',<P'). (3.31)

where j i  and correspond to the rotation of r i and r% respectively. The coupling of these two

rotations is denoted by 7 1 2  which is bounded by the values

I ; i - ; 2| < ; i 2 < | ; i + ; 2| . ( 3.32)

The orbital quantum number L  is associated with the rotation of R  and can take the values

I»/ — j \ i \  ^  .Zv <  IJ -|- j \ 2 \. (3.33)

The parity of the system is given by

p =  [-\)3\+h+L+J  (3.34)

and it is important to note that there is no coupling between states of different parity. Odd 

and even rotational states of j  \ are also decoupled. For D% the even rotations are denoted by 

the term ortho and the odd rotations by para. For the opposite is the case such that para 

corresponds to the even and ortho corresponds to the odd rotations.



3. Metastable States 40

3.7 XBC Metastable States

The metastable wavefunction for the XBC complex can be expanded such that

"̂ meta — ^vinXv{'^)4*i{'l)'nn{FC)i (3.35)
vjn

where a^jn is the expansion coefficient, Xv  are the BC vibrational states discussed in Sec

tion 3.2, (])j are the van der Waals rotational states discussed in Section 3.5 and rjn are the van 

der Waals stretching states discussed in Section 3.4. The diagonalization of the Hamiltonian 

matrix

{Xv'(f>j'Vn'\H\xv”(l)j"r}n'>), (3.36)

gives the eigenvalues and eigenvectors of the approximate metastable wavefunction i/’meta- The 

eigenvectors therefore correspond to the expansion coefficient ayjn in Equation (3.35). It is 

assumed that there is no coupling between the BC vibrational states Xv-> so only one state need 

be considered, thus giving the reduced form of the Hamiltonian matrix

{(f)j'Tjni\Hvv\^j"'^n"} ̂  (3.37)

where Hyy = {xv\H\xv)-  It is then convenient to rewrite this matrix as

{4>j'T]jii\Hyy\(l)j"T)nii) = ôjij»ôji>fiii[Ey T Eji') -f 7̂ {j {Vti'

{4^j''nn'\^vv\^j"'nn"'} (3.38)

where

Byy — ( Xv
1 1

4- Xv )  and Vyy =  {xv\V{R,r , 'y)  -  FvdwWIXt;), (3.39)
liR? mr'^

and the reduced masses fi and m are given in Equation (2.5). the eigenvalues Ey are given 

by the diagonalization of Equation (3.9). The van der Waals eigenvalues En> are either the 

harmonic oscillator eigenvalues given by Equation (3.22) or the eigenvalues given by the di

agonalization of Equation (3.25). This depends on whether the harmonic or Morse oscillator 

states are used. It is found that to obtain better convergence more harmonic oscillator states are 

required in the diagonalization of Equation (3.36). Therefore in the evaluation of the elements 

of this matrix it is found more convenient to use the Morse oscillator states.
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3.8 X2BC Metastable States

In the case of the four-atom system given by X2BC the metastable wavefunction can be ex

panded such that

V’meta ~  ^  0,vmnXv{'^)'nm{Rl)'nn{R2 )i (3.40)
vmn

where a^mn is the expansion coefficient and Xv is the BC vibrational states discussed in Sec

tion 3.2. The two van der Waals stretching states are then given by rjm and rjn which correspond

to the R]  and R 2 coordinates, respectively and is discussed in Section 3.4. The Hamiltonian

matrix given by

( Xv' Im' r]n'\H\ Xv" Vm" In" ) (3.41)

may then be diagonalized to obtain the eigenvalues and eigenvectors of the metastable state of

X2 BC. As with the XBC system it is assumed that there is no coupling between the different

vibrational states of BC so only one Xv state is included. This gives the reduced form of the 

Hamiltonian matrix

{'Hm' Vn' I Hyy ), (3.42)

where Hyy = {xv\H\xv)-  This matrix can now be expanded such that

{'nm''nn'\Hyy\Tlui"T]fii') ^m'm" ̂ n'n" {Hy T  Em'  "b E^')

“b (?7m'^n'1^1» (3.43)

where

Vvv =  { X v \ V { r , R \ , R 2 , 9 ) \ x v ) -  (3.44)

The eigenvalues, Ey, Em' and En'  are the eigenvalues given the diagonalization of Equa

tions (3.9) and (3.25). Finally the cross momentum term is given by

1-̂ 1 .^2 1 {'nn'\P2 \'nn"') (3.45)
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where

+  (2(m" +  ^1 — — ^ . (3.46)

A similar equation may also be written for the second part in Equation (3.45) in terms of n.  The 

parameter a  is given by a  =  where k is the force constant given by k = 2 DxbcQ:xbc-

3.9 A2-BC Metastable States

Finally for the tetra-atomic complex of the type A2 -BC the metastable wavefunction can be 

expanded such that

V’meta =  X  ^i jnXv{r \ , T i ) / / {9\ , (j)\ , </>2 , O', 0 ')r/„(iî), (3.47)
v j n

where is the expansion coefficient, Xv represents the A2 and BC vibrational states dis

cussed in Section 3.2, is the space fixed angular basis set discussed in Section 3.6 and rjn 

is the van der Waals stretching state discussed in Section 3.4. Here v represents V1V2 , where

v\ and V2 correspond to the vibrational states of A2 and BC respectively, and j  represents

j i j i j u L .  The rotational states of A2 and BC correspond to j \  and j 2 , respectively. The cou

pling of these two rotational states is then given by j \2  and the rotation of the complex about the 

intermolecular vector R  corresponds to L.  The eigenvalues and eigenvectors of the metastable 

state of A2 -BC are given by the diagonalization of the Hamiltonian matrix,

( Xv'  I f  V n ' \ H \  Xv" Ij" Vn" ) • (3.48)

Here we assume the coupling between the different vibrational states of A2 and BC is extremely 

small. The Hamiltonian matrix may therefore be written such that

{Ij,r]n'\Hyy\Ijnr}n"), (3.49)

and Èyy = {Xv\H\xv)-  E is convenient to express this matrix such that

{ I f 11n'\IIvv\Ij"'nn") = ^fj"^n'n" \En' + Ey (jj +  1 ) +  +  1 )]

+  Sffi{r]ni\{2^F^) ^\r}n»)L'{L' -b 1) -|- {Ifr]n'\Vyy\liirinn)^ (3.50)
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where Vw  =  iXv\y\Xv)  and the reduced mass /i is given by Equation (2.25). The rota

tional constants, and refer to A% and BC, and depend on their vibrational states v.

The eigenvalue Ey is given by the value of the asymtopically separated A 2 {v i , j i  =  0) and

BC(u2 , J2 =  0), where V] and vj  represent the initial vibrational states. If the potential surface, 

V,  is given by the form in Equation (2.26) which is a spherical harmonic expansion, then the 

potential matrix {Ijirin'\Vyy\ljnr]n") may be written as^^^

hkl

/ i  Til Tl \  (  1 •// / \  (  1 „•// „ / \
H J\  J\I L" V  

0 0 0 0 0 0

f2

0 0 0

L" V  I

and

j 'h j'l 3\

j 'n 32  / i

I I2 I]

(3.51)

(3.52)

when I1I2 I ^  0 0 0 , while

(3.53)

In Equation (3.51), [z] =  2i 4-1 and the terms in large brackets, and curly brackets are the 3j, 6 j  

and 9j  Wigner sym bols,respectively . The radial function A  is that shown in Equation (2.29) 

with the parameter c l  not dependent on r\ and V2 . The potential Eydw(^) is the potential 

surface, V,  with r\,  V2 , 9], 62  and (f> fixed at their equilibrium values. The evaluation of 

Equation (3.51) is therefore computationally less expensive than a numerical quadrature and 

demonstrates the advantage of using the expansion of the potential energy surface shown in 

Equation (2.26).
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Chapter 4

Time-Dependent Theory

4.1 Background

Time-dependent quantum-mechanical methods are based on the solution of the time-dependent 

Schrodinger equation and have been made feasible by the implementation of grid methods. The 

introduction of grid methods to solve the time-dependent Schrodinger equation was made by 

McCullough and Wyatt. They used a finite differencing scheme to represent the kinetic 

operator and a Crank-Nicholson propagation scheme. This scheme was superseded by the 

explicit second-order differencing scheme, but scales more favourably as the number of grid 

points is increased. It was originally used in this context by Askar and Cakmak.^^"^ The finite 

differencing method was very limited and it was not until the Fourier method replaced this 

method for calculation of the kinetic energy that time-dependent methods offered an alternative 

to other exact quantum-mechanical calculations. The Fourier method was used in conjunction 

with a new propagation scheme known as the split operator method^^ and the existing second- 

order differencing scheme.^^ The Fourier method is made particularly efficient by use of a Fast 

Fourier Transform (FFT) algorithm.

Since the introduction of the Fourier method new propagation techniques have been de

veloped.^^’ This includes the Chebychev scheme which offers greater accuracy but has

the disadvantage of being a global propagator. One such method does not calculate all the 

intermediate steps. Other short-time propagators in which all intermediate steps are calculated
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have also been developed. An example of such a scheme is the short iterative Lanczos^^ which 

offers greater stability than the second order differencing method. A recent development is the 

tailoring of symplectic integrators, which have previously been used in the integration of 

classical trajectories and the multichannel Schrodinger equation. Comparison of some these 

methods has been discussed by Kosloff^^^ and Leforestier et A recent review by Bal- 

akrishnan et gives a detailed overview of not only the propagation methods mentioned 

but also discusses the applications of the time-dependent quantum mechanical approach. The 

applications to quantum reactive scattering problems has also been reviewed by Jackson.

4.2 Time Propagation

4.2.1 Introduction

If we consider a wavepacket given by ij), the time-dependent Schrodinger equation (TDSE) is 

given by (atomic units used throughout such that/I =  1 )

=  (4.1)

where È  is the Hamiltonian operator. If the Hamiltonian is explicitly time-independent then 

the formal solution of this is given by

- i H  [  dt' Jo
where Û {t) is the total evolution operator and -0(0) is the initial wavepacket. So the wavepacket 

0 ( f  4- Af) can be given by

ip{t + At) — Af, t)ifj{t) = exip[—iHAt]'il){t) (4.3)

and the problem is how to deal with the exponentiation of the Hamiltonian operator. Different 

propagation methods handle this exponentiation in different ways.
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4.2.2 The Second-Order Differencing Scheme

The simplest solution to Equation (4.3) would be to expand the exponential as a Taylor series 

such that

exp[—iHAt] = 1 — î A t Ê  +  . . .  (4.4)

but this is in fact computationally unstable. The simplest stable method is the second-order

differencing (SOD) sch em e ,w h ich  is given by

ijj{t + At) = ip{t — At) — 2iAtHil;{t). (4.5)

Therefore the important operation is the Hamiltonian, Û,  on the wavepacket, ip, which can be

achieved efficiently using the Fourier method which is discussed in Section 4.3. The problem 

with the SOD scheme is that it is not self starting and therefore a simple Euler type propagation 

scheme must be used for the first step such that

ip(to +  At) = ip{to) -  iAtHip{to). (4.6)

The SOD scheme is stable only if the time step At  fulfills the criterion

At <  ^  (4.7)
-̂ max

where Ê niax is the largest eigenvalue of the discrete Hamiltonian. When the scheme is stable 

both the norm {ip{t)\ip{t)) and energy (ip{t)\H\'^{t)) are conserved.

4.2.3 The Split Operator Method

One of the first efficient propagation schemes to be developed was the split operator method. 

Initially this method was applied by Feit and Fleck to the paraxial wave equation of op

tics which is mathematically identical to the Schrodinger equation. The split operator scheme 

can therefore be used to solve the time-dependent Schrodinger equation^^’ if we can split 

the Hamiltonian into two non-commuting parts. So if A  =  T -f  F  where T  is the kinetic energy 

operator and V  is the potential energy operator we can write the evolution operator as

Qxp{—iAtH) = exp(—^zAfT) exp(—iA fF) exp(—^zAiT). (4.8)



4. Time-Dependent Theory 47

This method has third order accuracy and conserves norm but it does not conserve energy. The 

operation of the kinetic energy term can be achieved with the Fourier method which is dis

cussed in Section 4.3. The scheme may be simplified such that for each time step only one 

forward and one inverse Fourier transform need be performed. This is achieved by combin

ing the kinetic energy terms, except for the first and last operations. It should be noted that 

instead of splitting the kinetic energy operator splitting the potential operator gives identical 

results. Further developments of the split operator method have also been performed, such as 

the second-order split operator and exponential split operator methods.

4.2.4 The Lanczos Recursion Scheme

The exponential operator can be evaluated by use of the Lanczos recursion scheme. The Lanc

zos scheme was first adapted to solve the time-dependent Schrodinger equation by Park and 

L i g h t . T h e  scheme is initialized such that

qo{t) =  ijj{t) (4.9)

then defining a temporary vector w to be given by

w = Hqo{t)  (4.10)

implies that the result of the operation of H  on the vectors is placed in this temporary vector. 

Now we define

CKO =  (% (()|^) (4.11)

which can be understood as the overlap of the qo{t) with the temporary vector. It can also be 

seen that ckq =  which implies that qq is the mean energy of the system. Then

using the following recursion relation we obtain am  and I3m such that for m  =  1 , ..M :

W =  Hqo{t^ Pm—2 Qm—2 {t) (4.12a)

/3m-1 = (4.12b)
w

Qmit) - ~s  (4.12c)
P m - 1

w = Hqm{t)  (4.12d)

am — {Qm{t)\'^) (4.12e)
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when m  =  1, Pm- 2  =  /5-i = 0 .  The value of M  must be low (less than 50) due to the difficulty 

in implementing the Lanzcos scheme in finite precision arithmetic.

A tridiagonal, real symmetric matrix with diagonal elements am  and non zero off diagonal 

elements j3m can then be constructed to give

ao Po 0 0

A ai 0 0

0 GL2 A 0

\

(4.13)

0  0  0  . . .  a M - 2  P m - 2

^ 0  0  0  . . .  Pm - 2  CXM-l j

This matrix is then diagonalized (see for example Numerical Recipes'^^) to give eigenvectors 

{qm'{t)\Lm) and eigenvalues Dm- We may now explicitly represent the effect of the exponen

tial operator by

where

and

exp(-îAf.H')'0(f) =  Qxp{-iAtH)qo{t),

M
Qxp{-iAtH)qo(t) = Y ,  \Lm)QW{-'i '^tDm){Lm\qo{t))

m=0
M

m'=0

M

f m '  ~  ^ { q m ' { t ) \ L m )  ^ ^ p { ~ ^ ^ i D m ) { L ' m \ q o i t ) ) • 
m=0

(4.14)

(4.15)

(4.16)

4.2.5 The Chebychev Method

The Chebychev method is an example of a global propagator and is based on the Chebychev 

polynomial expansion of the evolution o p e r a t o r . F o r  the Chebychev to be applied the Hamil

tonian must be in the range of -1 to 1, therefore we can apply a shift to the Hamiltonian such 

that

H  — /(AjEgrid/2 -f \
Hnnrm   2

AKgrid
(4.17)
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We define

-̂Ë'grid — -E'max ~ -Êniin (4.18)

where E^ax and Emin are the maximum and minimum discrete eigenvalues of È ,  respectively.

Now given '0(f) we can obtain 0 (f  +  Af) from

N

0(f + Af) % exp[-z(AEgrid/2 + Emin)Af] ^  an(a)O„{-ïÊnomi}0(i) (4.19)
n=0

where are the complex Chebychev polynomials and a  = (AEgnjAf)/2. Here we define

except that ao(o;) =  Jo(cK) and Jn (a ) are the Bessel f u n c t i o n s . T h e  Chebychev polynomials

may then be given by the recursion relation

0n+l ~  2îEnorm0n T 0n—1 (4.21)

where =  0 ^(-iÊnorm )0 (^) and is initialized such that 0 o =  0 (f) and 0 i =  —2lTnorm0 (^)- 

The number of terms which must be included for the scheme to be convergent is n  =  û;, but for 

greater accuracy values of n  greater than a  are typically used. Usually a value of % (a  +  40) 

is sufficient to obtain the desired accuracy.

4.2.6 The Symplectic Integrator Method

The most recent of the propagation schemes employed here is that of the tailoring of symplectic 

integrators (SI).^^^ Previously Sis have been used in the integration of classical trajectories and 

the multichannel Schrodinger equation. They are relatively easy to implement because the 

SI algorithm is extremely simple.

If we define p  and q such that p = lm[0(f)] and q =  Re[0(f)], the explicit SI algorithm 

can be written in the form

Pj = pj-\  -  bjAtHqj-i, (4.22a)

qj = qj-\ + ajAtÊpj,  (4.22b)
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for j  =  1 , 2 , . . .  ,m,  where po and qo corresponds to '0 (f) and, pm and qm correspond to 

'0(f +  At). The coefficients aj and bj are those obtained by Gray and Manolopoulos,^^^ which 

ensure the propagation scheme is accurate to O(At^).  This method, unlike the SOD, does not 

need an alternative algorithm for the first step and is thus self starting. It has also been noted 

that Sis have minimal storage requirements, which is advantageous for large scale scattering 

calculations.*^^ The only difficulty with the SI scheme is that we now employ real to complex 

and complex to real FFTs, instead of the usual complex to complex FFTs. The calculation of 

the momentum operator is therefore different than that for the SOD and Lanczos.

4.3 Fourier Method

The spatial representation used to describe the wavepacket, -0, is that of the Fourier method, in 

which the wavepacket is represented on an equally spaced grid of sampling points in coordinate 

space.^^’^̂  Therefore if we have 0  on a set of grid points we need to evaluate JT0 at each of 

them. The operation of Hip can be split into two separate operations, T 0  and Vip, where T  is 

the kinetic energy operator and V  is the potential energy operator.

The potential operator is local in the coordinate representation so the operation of  Ÿ'ip 

is just one of point-wise multiplication. Therefore we must construct the potential F  on a 

set of grid points which correspond to those of 0 . Then simply perform V{Ri)ip{Ri),  for 

2 =  1 , 2 , . . . ,  N r  where N r  is the number of grid points.

The application of the kinetic energy operator is more complicated because it is local in the 

momentum representation so therefore we compute it locally by Fourier transforming 0 . The 

computational effort of evaluating this transformation can be reduced by the use of the Fast 

Fourier Transform (FFT).*^^ Once the forward FFT has been performed the operation of T  on 

0  can be achieved by point-wise multiplication. The kinetic energy operator can be constructed 

by the knowledge that the momentum operator is given by

where i = —^  + 1 , . . .  , 0 , . . .  and A R  is the grid spacing. Once the kinetic energy oper

ator has been applied an inverse FFT is performed. The greatest problem with using the FFTs
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is knowing how the program arranges the wavepacket in the momentum representation. For

example using the FFT algorithm in Numerical Recipes the momentum operator is arranged

as follows:

A:(l) =  A) =  0 (4.24a)

k{2) = —k{Nii) = P] = (4.24b)

Att 
N r ARk{3) — k{NR  1) — p 2 — (4.24c)

+2) = (4 .2#

M ^  +  l) =  %  =  à -  (4.24e)

For the real to complex and complex to real FFT required by the SI scheme, a different ar

rangement of the momentum operator is needed.

4.4 Application to XBC

It is convenient to expand the wavefunction as a linear combination of

stretching and bending states such that

=  ^Cy'f{R-, t)xv'{r)(l>j'{j )  (4.25)
ytjt

where Xv' are Morse oscillator states given by Equation (3.4) and (f)jt are rotational states given 

by Equation (3.29). The initial condition, when f =  0, is that of a metastable wavefunction as 

discussed in Chapter 3. If we then compare Equations (3.35) and (4.25), it can be seen that the 

coefficients Cy>ji{R', t) at t  — 0 , are defined by

Cyiji{^R,0^ — ^ v v ' ^ j j ' (4.26)
n

where ayjn are the eigenvectors obtained from the diagonalization of Equation (3.36) and r]n 

are either harmonic or Morse oscillator states as discussed in section 3.4. Therefore at the

start of the calculation the coefficients only have a value for the particular vibrational state

under consideration, otherwise they are zero. The distinction between the primed and unprimed
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quantum numbers in the time-dependent calculations is that the unprimed are quantum numbers 

of the initial metastable state, whereas the primed represent arbitrary states, which include the 

initial state.

If we now rewrite the Hamiltonian, given by Equation (2.4), as

p 2
H  = —  Weff{R, r, 7 ), (4.27)

ZfJj

where

W ,n { R , r , j )  =  +  ^Bc(r) +  Y  +  i )  +  V { R , r , j ) .  (4.28)

Inserting Equation (4.25) and (4.27) into the TDSE, we obtain

i^ ^C y> f{R- , t ) xv ' { r ) ( l> j 'h )  =  + W e f f { R , r , j ) \  ^Cy>f{R' t )xv'{r)(j ) j ' {7) .  (4.29)
ot  f z/i j

Then left multiplying by Xv' t̂ ĵ' and integrating over the respective coordinates we obtain 

d f
Î — ^  6ylyll5jljllCyljl{R, t) = ^  v" ̂ j'j"

ytjf ynji,

+  {Xv'(f>j'\Wef{{R,r,j)\xv"4>j")]Cy»j„{R-,t). (4.30)

We can therefore express this as

^  ^  (4.31)
O t  ZfJ,

where

W;j,j,v"j"{R) = iXv'(pj'\Wef{{R,r,j)\xv"(/>j")- (4.32)

In the evaluation of this matrix it is convenient to rewrite it as

Wy'jiyj ll{R)  — 6yly»6jlj"Ey' +  ^j! f  j ' { j '  + l) ^ ^

+  {Xv'(l>j'\V{R,r,j)\xv"(/>j")- (4.33)

4.5 Application to X2BC

This system can be solved like that of XBC by expanding the wavepacket as a linear combi

nation but unlike the other system it involves only stretching states. Therefore the wavepacket.
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'0(r, R \ , R 2 ', t){= can be expressed such that

= X  (^1 ’ R 2)Xv' (r) (4.34)
v'

where Xv> is the vibrational state of BC given by Equation (3.4). The initial condition is again 

that of a metastable state and has been discussed in Chapter 3. The value of the coefficients, 

Cy! {R \ , R 2 ', t) at t — 0 , are given by

Cyl{R\^R2,0)  =  6 yyl ^  ( ^  ] ) 7/ĵ  ( / ^ 2  ) (4.35)
m n

where the expansion coefficients, a^mn. are the eigenvectors of the Hamiltonian matrix given 

in Equation (3.41).

If we now rewrite the Hamiltonian such that

6  =  , R l , r ,  e) (4.36)
2 /j, zmB

and

Wef{{R],R2 , r , 6 ) = —  +  Vbc(î^) +  V { r , R i , R 2 , 6 ). (4.37)

If we now insert Equations (4.34) and (4.36) in to the TDSE, left multiply by X v and finally 

integrate over the respective coordinates we obtain

, d C A R u R 2 -,t) _
dt  \  2 fi 2 mB

+ ' ^ ^ v ' , v " { R i , R 2 )C y " (R i ,R 2 ',t), (4.38)
v"

where

W y ' y { R i , R 2 ) = {Xv'\y^efiir,R\,R2,0)\Xv")- (4.39)

This potential matrix can then be written as

Wy>y'{R],R2 ) = ôy'y'iEyi +  {xv'\V {v, R \ , R 2 , 6 )\xv") ■ (4.40)

This now involves using a two dimensional FFT to transform the wavepacket to the momentum 

representation and then perform the momentum operations. This is much more computationally 

expensive to perform than the one dimensional FFT which was used for the XBC system.
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4.6 Application to A2-BC

We can expand the wavepacket, r j , r 2 , 6 \ , (f)\,0 2 ,(f)2 , 6 ',(f)'-,t)(= ip(t)), as a linear com

bination of stretching and bending states such that

</>(«) =  X  c j y  <)xv ( n , t 2 ) i }  (e'l, ÿ'i A ,  4̂ 2, o', 4>'), (4.41)
yljl

where ij, is the space fixed angular basis set shown in Equation (3.31) and Xv' are the vibra

tional states of A2 and BC discussed in Section 3.3. The coefficients Cy,y{R\t)  at f =  0, are

defined by

Cyljl {R\ 0) =  5yy! Sjj' ^  (^vjriln {R) 5 (4.42)
n

where are the eigenvectors obtained from the diagonalization of Equation (3.48).

If we now rewrite the Hamiltonian such that

p 2
H  = - — f- kEeff(i?, r i , T2 , , 6 2 , (p) (4.43)

i j i

where

-2 a2 p i
W A R , n , r-2, 6 ^, 6 2 , 4, ) - h A \ )  + h2(T2) + +  ^  +  ^- (4.44)

If we now insert Equation (4.41) and (4.43) into the TDSE, left multiply by Xvlj  and then 

finally integrate over the respective coordinates, we obtain

% 
dt

where

^v'j',v"j" ( R )  = {Xv> I f  I W^ffiR,  r i , f 2 , ^ 1 , 6>2, (/)) I Xv” I f  ) ■ (4.46)

It is convenient to expand the matrix in Equation (4.46) in a similar manner to that of the 

Hamiltonian matrix, such that

{Xv>Ii'\Weft{R, r i ,  r 2 , (9i, 6>2 , (p)\xv”Ii") =

ôyty" S j' j" Eyi -t- j \  {j[ f  \) f  B 2 ^2 ( ^ 2  -h L'{L'  f  l)/2/xi?^j

+  {Xv'Ii'\y\Xv''Ii")- (4.47)
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The potential matrix {Xv'Ij ' \y \Xv"I f )  can be given by Equation (3.51), but with

Ziii2i = {xv ' \AL{R ,r i ,r 2 )\Xv"), (4.48)

where A l is the radial dependent function which is shown in Equation (2.29), except now the 

parameter cl is dependent on r\ and rj.  We can therefore express Equation (4.48) such that

{X v ' \A L {R ,rur 2 )\Xv") = ^v'v" [(«L +  k J ? )  exp( - 2 ^)]

-  fL{R){Xv' \cL{rur2 )\Xv")/R' '^-  (4.49)

When v' =  v” the matrix {Xv'\cL{r],r2 )\Xv") is given by the c l  coefficient obtained from 

a least squares fit to ab initio data. However, when v' ^  v" then the only terms consid

ered are {Xv'\c2 \ 'i{r\,r2 )\xv") and {Xv'\c2iA{r\,r2 )\Xv”) because the dipole-quadrupole and 

quadrupole-quadrupole terms dominate the potential in the region close to the minimum. The

coefficients C213 ( r j , r i)  and 0 2 2 4 (̂ 1̂ , n )  are given '84

C2i3(ri,r2) =  ( - j  m (n)Q i(ri) (4.50)

and

C224(ri,r2) =  -  ( —  1 Q 2 {r2 )Q\(r\ ) .  (4.51)

The dipole and quadrupole moment of BC are given by and Q 2 ( ti ),  respectively and

the quadrupole moment of A2 is given by Qi( r i ) .  The dipole moment may be expanded such 

that

C  +  •  •  • (4.52)

where (  =  r  — rgq, /ig is the dipole moment when r  =  r^q and r^q is the equilibrium distance. 

Therefore, we may write

iXv'MXv") = i^eixv'lxv") +  {Xv'lClXv") +  . . .  (4.53)

We know from orthogonality principles that (Xv'lXv") =  0 when v' ^  v” and (xv'lXv") =  1



4. Time-Dependent Theory 56

when v' =  v”. We may also write

1 / 2  /  , , , \ 1 /2

ixv'lClxv") — ^

0  otherwise,

where m gc is the reduced mass of the BC diatom and Wg is the frequency. The quadrupole 

moment may also be expanded in a similar manner and therefore, the vibrational coupling 

terms are given by

(Xt)'|c2i3(ri,»’2)|x»”> =  1 7  1 (x«'l/ 2̂ (î-2 )|x»")(x»'IQl{'’l)IXt,”>. (4.55)

and

( X t ) ' | c 2 2 4 ( r i , r 2 ) |x „ » )  =  -  ( —  j  {xAQ2{n)\Xv"){xAQ\('T\)\Xv>')- (4 .56)
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Chapter 5

Extraction of Observables

5.1 Lifetimes

The evolving wavepacket ?/;(() gives information such as VP lifetimes and rotational product 

distributions. For a complete description the wavepacket would need to be evolved until t = °°, 

or until it had left completely the interaction region. Gray and Wozny^^’^̂  have shown that it is 

possible to extract lifetimes from the evolving wavepacket after a relatively short propagation 

time. They showed that may be described such that

+  nonresonant terms, (5.1)
r

where Er  represents the resonance energies, are the corresponding widths, and il)r are the 

time-independent resonance wavefunctions. If we construct the corresponding autocorrelation 

function S{t)  we may write

S(t)  = (V>(0)|V>(«)> =  (5.2)
r

If we assume that only one resonance dominates the autocorrelation function, the resonance 

width can be obtained from the gradient of a plot of \n\{'ip{0)\'ip{t))\^ against t. The corre

sponding lifetime is then given by l/F ,-. In the work of Gray and Wozny^"^’^̂  on the VP of 

three-atom systems they used the MUSIC frequency estimator, which gave information on 

resonance energies only.
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It is often found that the autocorrelation function exhibits oscillations which shows that 

other resonances are beginning to contribute. This means that obtaining resonance widths from 

plots of In |('0 (O)|'0 (^))|^ becomes increasingly difficult and inaccurate, as the amplitude of 

these oscillations increases. This is especially true when the resonance widths are narrow, and 

therefore the lifetimes are very long. The only way of overcoming this problem, using this 

simple method of determining the lifetime, is to increase the total propagation time and to use 

a more accurate initial metastable state. This means that the computational time can increase 

significantly, but more importantly means that the lifetimes can really only be considered as 

“approximate”. It would therefore be more appropriate to have a method which could obtain 

the major resonance contributions of the decay more accurately and conveniently.

Gray has found that with Prony’s m e t h o d o f  spectral analysis both resonance energies 

and widths can be obtained accurately and reasonably efficiently.^’ In this method the auto

correlation function S{t) is assumed to be a complex function which is available at a set of N  

evenly spaced time intervals, t = (n — \ ) A t , n =  1 , 2 , . . .  and which can be fit to a sum of 

complex exponentials. The autocorrelation function Sn =  S[{n — l)Af] can then be expanded 

such that

S ' n = i 6 r ^ r ' .  (5.3)
r=\

where

Zr =  exp[-iAt{Er -  i T r / 2 ) ] ,  ( 5 . 4 )

and br =  |( r  |'0(O)) p. Prony’s method is then used to obtain estimates of the expansion param

eter hr, resonance energy Er  and widths F^.

Prony’s method is, of course, not the only method which can be used to extract lifetimes. 

For example, filter diagonalization can be used to extract information such as resonance energy 

and w i d t h . H o w e v e r ,  neither of these methods can be used to obtain information about 

the product vibration and rotation distributions.
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5.2 Rotational Product Distributions of XBC

Several different methods of obtaining rotational product distributions have been used in the 

study of VP using time-dependent methods. Gray and Wozny^"  ̂ originally estimated the rota

tional product distributions, Pyj, using the method

'Rb
P v j { E ,  t )  =  A K y j  

where A  is the normalization constant and

(5.5)

Kyj    yJ'Z^Eyj . (5.6)

The parameter eyj is the relative translational energy at large R  such that

€yj = E - { E y ^  + i / ( i /  +  \ ) {vf \r~^\v f) /2m}.  (5.7)

The value of E  is taken to be the mean energy of the wavepacket and because of the choice 

of our initial metastable state will be close to the true resonance energy. The region Ra to 

Rb is such that only asymptotic product states are present. An upper limit Rb is used because 

of the finite size of the grid and is chosen to be the distance slightly before the wavepacket 

is absorbed. Details about the absorption of the wavepacket at the grid edges can be found

in Section 6.1.4. To obtain the accurate product distributions the calculation would need to

be performed until t  = but this is not feasible and therefore convergence of Pyj must be 

checked for. Convergence is typically obtained at times significantly less than the lifetime of 

the complex.

Gray and Wozny^^ used a new form of the product distribution derived by Balint-Kurti et 

The product distributions were given by the f limit of

P y j { E , t )  =  B K y j (5.8)

where B  is a normalization constant and Kyj  is given by Equation (5.6). The parameter R *  

corresponds to a reasonably large value of R  and is typically taken slightly before the absorp

tion of the wavepacket. Gray and Wozny noted that this procedure was equivalent to observing 

a point at R *  and watching the amplitude of the wavepacket going past. Using this method,
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convergence of the rotational product distributions must again be checked as propagation out 

to f =  oo is not possible. It is also found that one need only propagate for a small fraction of 

the lifetime.

5.3 Vibrational Product Distributions of X%BC

The vibrational product distributions of the BC diatom produced in the fragmentation of X2 BC 

can be obtained using the method employed by Le Quéré and Gray.^'^^ This method is based 

on that originally proposed by Heather and Metiu*^^ and adapted by Pemot and Lester. Let 

us first define our grid so that we have three regions denoted by I, C and P. This grid is shown 

in Figure 5.1. Region I can therefore be considered as the interaction region where both X are 

bound to BC (i.e. X 2 -BC), region C can be associated with X + XBC, and region P can be 

associated with 2X + BC.

To calculate the vibrational state probabilities associated with each of these regions we use

= { A y ' {R \ ,R 2 ' , tn)\Ayi{Ri ,R2 ',tn))R
n

+ , ^ 2; U) ~  ^ v ' {R \ - ,F t2 \  t i ) \ C y i { R \ , R2' ,U)  ~  A y i { R \ , R 2 ' , U ) ) r
i=l

+  2RQ{Ayi{R] , R 2 ', ti)\Cy>{Ri, R 2 ', U) — Ayi{Ri, R 2 ', f%))R} (5.9)

where R =  I, P or C and ti = iAt. The Dirac bra-kets, (• • • | • • • ) r ,  in Equation (5.9), are 

integrations over the region I, P or C. The A^’s are obtained by damping the Cy's such that

Ayi {R\, R2',t) = fabs{Rl)fdbs{R2)Cy>(Ri,R2',t) (5.10)

and /abs is the absorption potential which is described in detail in Section 6.2.4. The vibrational 

product distributions are then given by

=  •P .V ) + (1 -  H .  (5.11a)

P„_, =  + Q ^ P ^ H  +  (1 -  (5.11b)

Pv-2 = P I 2H  + Q t l P v - l H  + (1 -  Q U ) P v - 2 H ,  (5.11c)

Pv-3 = Qv-2Pv-2i°°)- (5. lid)
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The parameter Q^, are the estimate of the fraction of the density which will result in the 

dissociation of XBC(î;') such that

"Re_ r Rdhs

'Rc
d R 2 M R 2 ) ^ v ' { R u R 2 )

Jro
(5.12)

where the normalized wavepacket is given by

^ y l { R ] , R 2 ) =
Cy '{R \ ,R 2 )

(5,13)

and the normalization constant is denoted by

' âbs fRc
dRi

'Rc M )

fRihs fRc
JVj‘ = /  dR, dR2C^{R, ,R2)C;,{Ri ,R2)  =  {G„i{Ri,R2)\C„(RuR2))c-

J R r J  Rà\

(5.14)

The functions ips (R)  are those of a Morse oscillator corresponding to a three-atom T-shaped 

potential such as that in Equation (2.7), with r held fixed at the equilibrium geometry.

5.4 Rotational Product Distributions of A2-BC

In these four-atom systems rotational product distributions can be obtained by adapting proce

dures which were used for the three-atom dissociation. In particular, the Balint-Kurti form of

R.

R abs

R

R r

c p

I

1

c

R q R^ R abs R,

Figure 5.1: The grid layout for the calculation 
on X2BC which shows the regions where the 
wavepacket is absorbed and the vibrational prod
uct distributions are calculated. Region I corre
sponds to X2BC, region C corresponds to X + 
XBC and Region P corresponds to 2X + BC.

R i
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the product distributions outlined in the triatomic system section can be modified and applied 

such that

'0

where the relative translational energy is now given by

(5.15)

€yj — E  — {Eyj + j\{j\ +  1) + B2^ j i i j i  +  !)}• (5.16)

The same problems experienced with the three-atom system are encountered here. These in

clude finding a suitable value of R *  and propagating the wavepacket for a suitably long time.

An alternative method of obtaining product distributions has been applied to the VP of 

four-atom systems such as X2 BC complexes. In this method

— { ■ ^ v j { R \ i n ) \ - ^ i j { R ' ' > t n ) ) a b s

i = l

-b -  A ;^ , ( ^ ;^ ^ ) ) a b s }  ( 5. 17)

where

^ y j { R ' ^ i )  —  f a b s { R ) C y j { R ' , t ) ,  (5.18)

and fabs(R) is the absorption potential which is described in detail in Section 6.3.4. This means 

that every time the absorption potential is applied the probability is accumulated. The Dirac 

bra-kets, | • )abs, in Equation (5.17), are integrations over the region where the absorption

potential is applied.
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Chapter 6

Numerical Details

6.1 XBC System

6.1.1 Introduction

The time-dependent method outlined in Section 4.4 is used to study the vibrational predisso

ciation of triatomic van der Waals complexes of the form XBC, where X is a rare gas atom 

and BC is a halogen molecule. To test the method NeCl2 , HeCli, NelCl and HelCl were stud

ied with initial vibrational levels u =  9,11 for NeCl2 , u =  8  for HeCl2 , u =  2,5 for NelCl 

and u =  3 for HelCl. Comparison was then made with the results of Gray and Wozny.

This method was then applied to HeBr2 , for which comparison with experiment^ and the- 

oryii3’ î4 could be made. In particular we studied the initial vibrational levels, u =  8 , 10 and 

12. One of the main aims of this study on these XBC systems is to gain an understanding of 

the time-dependent methods which can be applied. The preferred propagation scheme can then 

be applied to the four-atom systems in the later Chapters of this thesis.

6.1.2 Potential Energy Surface Parameters

The parameters used in the potential energy surface of NeCl2 , HeCh, NelCl and HelCl are 

those employed by Gray and Wozny. 3̂ The reason for this was that the initial part of this 

work was to validate the method and therefore the same parameters were required to enable 

a direct comparison to be made. If a different potential were used and a disagreement were
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Table 6.1: Potential parameters used in the XBC and X2BC system calculations.

Atomic Pair (%) Di / cm ^ a i / Ri  / CLQ
Cl-Cl 3145 1.245 4.5612
Br-Br 4292.57 1.036 5.0597
I-Cl 1270 2.0955 5.0267
Ne-CF 39.0 0.9525 6.99
Ne-Cl^ 34.7 1.0054 6.82
Ne-Br 42.0 0.8838 7.37
Ne-I 26.0 0.9525 1 0 . 2 0

He-Cl 14.0 0.8467 6.80
He-Br 17.0 0.8200 7.41
He-I 18.0 0.6033 7.56
Ne-Ne 29.4 1.1049 5.8412
He-He 7.61 1.1250 5.5993

System C6 ,o /c m “ 'ao C6,2 /c m “ ’a^ C8 ,o /cm “ ^û§ (78,2 /c m “ *a§
NeCl2 12.57 1.99 337.1 170.6
HeCl2 6.055 0.086 178.0 52.0

“ Parameters employed in the NeCl] potential.
*’ Parameters employed in the NelCl potential.

found with the previous time-dependent work then it would not be known whether the method 

or the potential were at fault. The parameters can be seen in Table 6.1 and for both NeCli 

and HeCl2 the parameters of the long range tail are included also. The contour maps of cuts 

through the potential energy surface of NeCl2 , HeCh, NelCl and HelCl, with r  held fixed at 

its corresponding equilibrium distance whilst R  and 7  are varied are shown in Figure 6.1. The 

well depths of the triatomic systems with the homonuclear diatomics corresponds to 2 Dx&- 

Hence, the well depth for NeCl2 is 78.0 cm“ * at =  6.1 uq and 7  =  90°, and for HeCl2 it 

is 28.0 cm“  ̂ at R  = 6.41 üq and 7  =  90°. In the triatomic systems containing heteronuclear 

diatomics the well depth is given by Dxb  +  Dxc-  Therefore, the well depth for NelCl is 

60.7 cm“  ̂ at R  — 9.35 ao and 7  =  140°, and for HelCl it is 32.0 cm“  ̂ at B  =  7.11 oo and 

7 =  1 1 1 °.

The HeBr2 parameters are those obtained by Villarreal and co-workers. This potential 

was obtained by varying the Morse intermolecular parameters until agreement was found be

tween their golden rule linewidths and the experimental values. The B electronic state of 

Br2 was taken to be a Morse potential such that the equilibrium bond distance and the Morse
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parameters were those chosen to reproduce the available data.^^^ The parameters obtained can 

be seen in Table 6.1 and a cut through the surface with r held hxed at its equilibrium distance 

whilst R  and 7  are varied is shown in Figure 6.2. The well depth of the potential is 34 cm~^ at 

R  =  6.96 ao and 7  =  90°. An alternative form of the potential was also reported by Janda and 

co-workers.

R / ao

(b) HeCh(a) NeCh

(d) HelCl(c) NelCl

60 120 

7  /  degrees

180 0 60 120 

7  /  degrees

Figure 6.1: Potential energy contour maps for NeCl2. HeCli, NelCI and HelCI. In all the plots the Ch or ICI bond 
distance r is held fixed at its equilibrium position. In tire case of tlie ICI complexes angles of 7 less than 90° corre
spond to when the rare gas atom is closer to the I atom. The contours correspond to (a) t =  —70, —50, —3 0 ,.. .  ; 
(b) T =  - 2 0 , - 1 0 , . . .  ; (c) V =  -5 0 , - 3 0 , - 1 0 , . . .  ; (d) I =  -3 0 , -2 0 , - 1 0 , . . .  cm"' such that the separated 
atoms arc of zero energy.
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6.1.3 Convergence

In the evaluation of the matrix elements for the diatomic vibrational states and van der Waals 

stretching states, Equations (3.9) and (3.25), Gauss-Hermite quadratures were used. Typically 

64 quadrature points were required to ensure convergence to greater than 0.1 % for the high

est vibrational states under consideration. In the calculation of the Hamiltonian matrix, given 

by Equation (3.36), Gauss-Hermite quadratures were again employed for the vibrational basis 

functions and Gauss-Legendre quadratures were used for the rotational basis functions. Typi

cally not more than 10 van der Waals stretching states were used for each systems. The number 

of rotational basis functions was 15 for HeClz and NeClz, 25 for HelCl, 40 for NelCl and 15 for 

HeBri. From the diagonalization of the Hamiltonian matrix the metastable state was obtained 

and used as the initial condition in the wavepacket calculations.

6.1.4 Propagation

In all the calculations reported in this section we use the symplectic integrator (SI) propagation 

scheme of Gray and Manolopoulos,^^^ as described in Section 4.2.6. We have also applied 

the second-order differencing, short iterative Lanczos and Chebychev propagation schemes to

R / ao

15

1 0

5

1200 60 180

Figure 6.2: Potential energy contour maps for 
HeBr2 where the Bra bond distance r is held fixed 
at its equilibrium position. The contours corre
spond to V =  —30, —20, —10,... cm'' such 
that the separated atoms are of zero energy.

7  /  degrees
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Table 6.2: Symplectic integrator coefficients for the m =  6 n =  4 scheme.®

k The ak coefficients The bk coefficients
1 0.21679791084660323732 =  ae
2 -0.02831011432833012239 =  as
3 0.39014189047133243185 = a4
4 -0.24140874764233026926 =  as
5 0.59085645738131484962 = Û2

6 0.07192260327140987285 =  a i

" From Ref. [167].

these calculations, which gave identical results to the SI scheme, so we decided to use the SI 

scheme for all future work. The reason why we choose not to use the SOD scheme is that this 

method is very unstable and so comparatively small time steps must be used. The Chebychev 

method, by definition, is a global propagator and is therefore very efficient and accurate when 

only a single (or only a few) time steps are required. However in our work it is essential to 

obtain the autocorrelation function at a reasonable number of intervals so that Prony’s method 

will have sufficient accuracy. It is possible to calculate intermediate values of the autocorre

lation function from the Chebychev coefficients^^ but this means that the procedure becomes 

inconvenient. It is therefore much more appropriate to use a short time propagator such as 

the short iterative Lanczos or symplectic integrator scheme. The advantage of the SI scheme 

is that the algorithm is extremely simple but it is relatively efficient and accurate. Gray and 

Manolopoulos^^^ have shown also that the efficiency and accuracy of the scheme compares 

favourably with the Lanczos method. More specifically we used the m  =  6 , n  =  4 SI scheme 

where m  corresponds to the number of iterations per time step and n  is the accuracy of the 

algorithm so for this particular scheme we have six iterations per time step and fourth order 

accuracy. The six a and b coefficients of the SI scheme are shown in Table 6.2.

The discretization of the wavepacket was accomplished with the number of grid points 

N r  =  128 and the grid separation AR  =  0.25 ao. The minimum grid value Rmin depended 

upon the system under consideration. For both NeCl2 and HeCl2 it was 3 ao, for NelCl it was 

5 ao, for HelCl it was 4 ao and for HeBr2 it was 3 ao. The validity of the selection of grid 

parameters can be ascertained by either increasing the number of points and/or decreasing the 

grid spacing.
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The other very important parameter which is discretized is that of time and the time step 

used in the propagation can be expressed as At = Ty/Nj- where Ty is the classical vibrational 

period of BC. The value of Nr  depends on the stability of the propagation and is larger for 

some systems than others. For NeCl2 , HeCl2 , HelCl and HeBr2 Nr  was 32 and for NelCl it 

was 64. The classical vibrational period for CI2 (v =  8 ) is 0.1981, CI2 (v =  9) is 0.2115 ps, 

CI2 (u =  11) is 0.2446 ps, ICI (v = 2) is 0.1927 ps, ICI (v = 3) is 0.2168 ps, ICI {v =  5) is 

0.2894 ps, Br2 (v = 8 ) is 0.2385 ps, Br2 (v =  10) is 0.2503 ps and Br2 (v =  12) is 0.2632 ps. 

Typically for a calculation on HeBr2 (u =  12) the time step was 340 au or 8.22 fs. The total 

propagation times are usually on the order of 30r„, which for HeBr2 (u =  12) is 3.26x10^ au 

or 7.89 ps. The stability of the propagation is related to the maximum absolute magnitude of 

the effective eigenvalues of the Hamiltonian. Therefore, for the above time step to be used the 

mean energy of the system must be zero or very small. This can be achieved by having Eyi in 

the Hamiltonian so that it is in units relative to the energy of the initial vibrational level of the 

metastable state Ey.

Another procedure which enables larger time steps to be used is that of a cut-off in the 

potential. The value of this cut-off can be altered until stability occurs and in these calculations 

on three-atom systems a value of 0.01 hartree ( %2,200 cm~^) was found suitable. So this 

means if V  {R, r, 7 ) is greater than this cut-off value then the potential is set to that value. 

Therefore, when evaluating the matrix elements {Xv'(f>j'\y\Xv"(f>j") the value V  is restricted as 

described above. The potential matrix {Xv'(l>j'\y\Xv"<Pj") and also the matrix {Xv'\'r'~^\Xv") are 

evaluated using numerical quadratures such as those used previously in the Hamiltonian matrix 

evaluation. The number of rotational basis functions are the same as that used in the metastable 

state calculation and only three BC vibrational basis functions are considered. If the effective 

BC vibrational quantum number is labeled v, then the states to be studied are given by v — 2, 

V — I and V.

The final consideration is how to avoid artificial reflection back from the grid edges and 

this is achieved by absorbing the wavepacket at large R  values. The absorption is performed 

by multiplying the wavepacket by an absorption potential which is given by the function

fabs{R) =  {1  +  exp[Cabs(-R ~  -Rabs)]}  ̂ ( 6 . 1 )
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where Cabs =  2.0 and R^hs = (Rmn + Nabs^R) and Â abs =  100. This smoothly damps the 

wavepacket so that it does not reach the grid edge. In the Prony’s method analysis 500 evenly 

spaced points were used over the time frame considered. The total number of resonances I  

in Equation (5.3) included in the fitting procedure was then increased until convergence was 

found or the method became unstable. The total number of resonances never exceeded 250. 

We also made use of the identity

S{ 2 t) = (6.2)

which is valid for time-independent Hamiltonian operators and real initial wavepackets.^^^ This 

is very useful because propagations up to time t  give the autocorrelation function up to 2 t and 

the computational time is halved.

6.2 X2BC System

6.2.1 Introduction

The time-dependent method discussed in Section 4.5 can be applied to four-atom systems of the 

type X2 BC where X are rare gas atoms and BC a halogen molecule. The complexes N eiC li and 

He2 Cl2 were first studied because direct comparison with Le Quéré and Gray^"^  ̂ can be made. 

The method used by Le Quéré and Gray is the same as that used here, so we can use these 

two systems to validate our work. The initial vibrational levels of the CI2 diatom considered 

were v =  7 , 8 ,9 ,10 ,11 ,12  for both systems. We also studied Ne2 Br2 and He2 Br2 which have 

not been studied experimentally or theoretically before. The initial vibrational levels of the 

Br2 diatom considered were v =  7 , 8 ,9 ,10 ,11 ,12  for both systems. In all the calculations 

performed 9 was held fixed and depended upon the system which was studied. For both the Ne 

atom systems 6  was 54° whereas for the He atom systems 9 was 53°.

6.2.2 Potential Energy Surface

The He2 Cl2 and Ne2 Cl2 potentials are those previously used by Le Quéré and Gray^"^  ̂ as with 

the three-atom systems this was to be sure that any discrepancies were not the result of the 

potential surface. In fact the parameters previously used for the potential energy surface of
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the three-atom systems of the type XBC are the same as those used to obtain the four-atom 

system potentials. Therefore, the parameters of the NeiCli, He2 Cl2 and He2 Br2 potentials 

can be found in Table 6 .1. However for both CI2 systems a long range tail interaction is not 

included. The parameters for the potential energy surface of Ne2 Br2 are those taken from work 

by Stepanov and co-workers* on NeBr2 . All of these potentials correspond to the B electronic 

state of CI2 or Br2 and therefore the Morse potentials are those used in the three-atom work 

which are shown also in Table 6.1. Plots of the potential energy contour maps are shown in 

Figure 6.3. The form of the potentials is very similar with a well at small values of Ri  and Rj .  

Closer examination shows that the well occurs ai R i  = Rj ,  which is expected because of the 

symmetry of the systems. It can be seen also that in both the Ne atom systems the well depth 

is much larger. Therefore, the well depth for Ne2 Cl2 is 184.7 cm"* at Ri = R 2 =  6.58 ao and 

for Nc2 Br2 it is 194.9 cm"* at R \  = R 2 = 6.87 ao- For He2 Cl2 the well depth is 63.5 cm"* 

at R \  = R 2  = 6.39 ao and for Hc2 Br2 it is 73.81 cm"* at R \  = R 2  = 6.92 ao- It is shown 

also that there is a valley stretching from where R \  and R 2 is small to the region where R \  (or 

R 2 )  is large and R 2  (or R \ )  is small and corresponds to the formation of X + XBC. It should 

be noted that there is no such situation for the formation of 2X + BC directly from the X 2 BC 

region.

6.2.3 Convergence

The evaluation of the matrix elements are essentially identical to those in the three-atom sys

tems. Therefore, the diatomic vibrational states and van der Waals stretching states. Equa

tions (3.9) and (3.25), were evaluated by Gauss-Hermite quadratures. Typically 64 quadrature 

points were required to ensure convergence to greater than 0 .1 % for the highest vibrational 

states under consideration which is consistent with the three-atom work. In the calculation of 

the Hamiltonian matrix, given by Equation (3.41), Gauss-Hermite quadratures were again em

ployed for the vibrational basis functions. Typically not more than 10 van der Waals stretching 

states were used for each of the systems studied here.
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6.2.4 Propagation

Throughout this four-atom work we exclusively used the symplectic integrator (SI) propagation 

scheme because we found in work on the tliree-atom system that it was efficient and convenient. 

We again employed the m  = 6 , = 4 scheme and the SI coefficients for which are shown in

Table 6.2. Typically all calculations involved 128 grid points with a grid spacing of 0.25 ao. 

The minimum grid value depended on the rare gas atoms in the system. For the He atom 

systems R^m =  3 ao and for Ne atom systems R^in = 4 ao. The time step can be expressed as

/ ( 2  (ou)

Ri (ao)

(a) NcoCI

(c) Nc2Br2

5 10 15
Ri (ao)

(d) H62Br2

10 15
Ri (ao)

Figure 63:  Potential energy contour maps for Ne2Cb, He2Cl2, Ne2Br2 and Hc2Br2. In all the plots the CI2 or 
Br2 bond distance r is held fixed at its equilibrium position. The contours correspond to (a) V =  —160, —140, 
-1 2 0 ....  ; (b) V =  -5 0 , -40 , -30 ,. .. ; (c) t =  -160, -140, -120,. .. ; (d) V' =  -6 0 , -50 , - 4 0 , . . .  cm"' such 
tliat the separated atoms are of zero energy.
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Table 6.3: Classical vibrational period o f the BC diatom in ps.

V 7 8  9 ÏÔ n  1 2 ~
CI2 0.1863 0.1981 0.2115 0.2269 0.2446 0.2654
Br2 0.2331 0.2385 0.2442 0.2503 0.2566 0.2632

At  =  Ty / N r  where Ty is the classical vibrational period of CI2 or Br2 . The classical vibrational 

period of both CI2 and Br2 systems for all the vibrational levels studied are shown in Table 6.3. 

The parameter Nr  for both the Ne2 Cl2 and He2 Cl2 systems was 64 for v =  7 , 8 ,9  and 128 

for V = 10,11,12. For the Ne2 Br2 system the parameter Nr  was 128 for u =  7 and 256 for 

u =  8 ,9 ,10 ,11 ,12 . Finally for the He2 Br2 system the parameter Nr  was 128 for all vibrational 

levels. Therefore, the Ne2 Cl2 (v = 7) system had a time step of 2.91 fs whereas for the He2 Br2 

{v =  8 ) system the time step was 0.93 fs. The total number of propagation steps was usually 

7,500 so that for the Ne2 Cl2 {v = 7) system propagation was performed up to 22 ps.

To enable us to use these time steps we employed a cut-off in the potential surface of 

0.04 hartree ( %8,800 cm“  ̂). This meant in the construction of the potential matrix {Xv'\y\Xv")^ 

in Equation (4.40), we restrict the value of the potential so that the value does not exceed 

that of the cut-off. This matrix was evaluated like those of the Hamiltonian matrix such that 

Gauss-Hermite quadratures were used. In all the propagations we considered three different 

vibrational levels of the BC diatom such that v' = v , v  — \ and v — 2, where v corresponds to 

the initial vibrational state. A damping function identical to that used with the three-atom sys

tems, which is shown in Equation (6.1), was applied in each of the long range van der Waals 

distances. To obtain the lifetime and resonance energy the total number of autocorrelation 

function points which were considered, in the Prony’s method analysis, was 500. The number 

of resonances I  in Equation (5.3) used in the fitting was then increased, as with the three-atom 

work, until the lifetime associated with the main resonance became converged, but this never 

exceed 250. Typically the longer the propagation time the more easy it was to obtain converged 

results from Prony’s method. We again use the identity in Equation (6.2) so that calculation 

time can be reduced by a factor of two. In the calculation of the vibrational product distribu

tions the number of van der Waals stretching states considered for Ne2 Cl2 was 5, for He2 Cl2 

was 3, for Ne2 Br2 was 6  and for He2 Br2 was 3.
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6.3 A2-BC System

6.3.1 Introduction

The A2 -BC systems under consideration in this work include D2 -HF, H2 -HF, D2 -OH and H2 - 

OH. More specifically the D2 -HF and H2 -HF initial metastable complexes are prepared with 

HF \ n v  = \. The H2 -OH initial metastable complexes are prepared with OH i n v  = 2 and the 

D2 -OH complexes are prepared with OH in ?; =  2 or H2 in -u =  1. In the case of the D2 -HF 

systems the vibrational predissociation process results in the production of D2 in r; =  1 , but 

with H2 -HF systems this does not occur. For this reason there is a larger energy release in the 

H2 -HF complexes. Therefore, the vibrational predissociation processes of D2 -HF and H 2 -HF 

are taken to be

D2 -HF(i;hf =  1) — y 0 2 (2; =  1) -}- HF('u =  0) (6.3)

and

H2 -HF(î;hf =  1) —^ H2 (î; =  0) +  HF(î; =  0). (6.4)

Initially both D2 and H2 monomers are in the ground vibrational state. The energy release for 

H2 -HF is around 3950 cm“  ̂ and for D2 -HF is around 956 cm“ ^. The results of the calculations 

can be compared with both previous theoretical^^^’ and experimental^^^’ work.

In the dissociation of D2 -OH and H2 -OH with OH initially vibrationally excited the pro

cesses are assumed to be

D2 -OH(uoH =  2) ^  D2 (t; =  1) -H OU{v =  1) (6.5)

and

H2 -OH(i>oh =  2) — > H.2 {v =  0) -|- OH(f =  1). (6 .6 )

The energy release for this system is then given by 410 cm“  ̂ and 3400 cm“ * for D2 -OH and 

H2 -OH, respectively. In the experiment the reactive channel is open as the barrier to reaction 

is less than the energy available in the OH stretch and therefore H + H2 O may be formed as 

products. In our calculations we do not allow for reaction in the potential or the model of
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Table 6.4: Coefficients of the Clary-Knowles potential energy surface expansion shown in Equation (2.29) for H2 
+ HF in atomic units.“

L  — ill Izi ^ O-L bh CL riL
0 , 0 , 0 65.5 -2 .5 6 22.301 6

0 , 1 , 1 -17 .1 1.35 -4 .315 6

0 , 2 , 2 6.74 -0 .657 1.934 6

2 , 0 , 2 -4 .2 4 1.73 1.157 6

2 ,1 ,3 -1 .1 8 -0 .239 0.142 4
2 ,2 ,4 2.30 -0 .370 -0 .452 5

“ From Ref. [159].

the process occurring. However, a comparison with experiment can be used to ascertain the 

influence of the reaction on the dissociation dynamics. Experimental work has recently been 

performed by Lester and co-workers, and a direct comparison with this can be made.

Very recent experimental work has also focused on H2 -OH complexes in which the H2 

vibrational state is excited.'^’’ We have therefore performed calculations on the vibrational 

predissociation process given by

H2 -OH(i>h2 =  1) — > H2 (v =  0) -f- OH(t! =  1). (6.7)

The energy release for this process is 590 cm~ ̂ . Again the reactive channel is open and reac

tion might occur in the experiment so direct comparison with our calculations can lead to an 

understanding of the dynamical process.

6.3.2 Potential Energy Surface Parameters 

H2 -HF

In the previous work on the vibrational predissociation of H2 -HF the potential energy surface 

used was that of Clary and K n o w l e s . T h i s  surface uses a spherical harmonic expansion, 

which is described in Section 2.4.2, and was obtained from a fit to ab initio data. This potential 

was used to validate the time-dependent method, the parameters for which are shown in Ta

ble 6.4. We have also made improvements to the surface by repeating the ab initio calculations 

with more points in R  and the angular coordinates 9i and 6 2 . The ab initio calculations were 

performed using MOLPRO^^^ with the coupled-cluster single, double excitations with non-
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Table 6.5: Coefficients of the potential energy surface expansion of Miller et at. for H2 + OH in atomic units."

L  — l \ i l 2 i^ 0>L CL riL
0 , 0 , 0 36.04 6.822 28.30 6

0 , 1 , 1 38.61 1.777 12.53 6

0 , 2 , 2 48.72 -2 .243 8.954 6

2 , 0 , 2 9.218 1.588 1.846 6

2 ,1 ,3 5.144 4.819 -1 .352 4
2 ,2 ,4 22.25 -1 .085 -4 .783 5

“ From Ref. [144].

iterative correction for connected triple excitations (CCSD(T)) method^®®"̂ ®  ̂ and the aug-cc- 

pVTZ basis set.^® ’̂ ®̂̂  The basis set superposition errors were handled in the usual manner.^®^ 

The previous potential of Clary and Knowles was calculated with the coupled electron pair 

approximation (CEPA) method and a basis set of lower quality to that of the new surface. A 

more detailed discussion and comparison of the two potentials will follow in Section 9.1.1.

H2 -OH

The potential energy surface used for H2 -OH is that reported by Miller et al. More specif

ically it is an average of A' and A" surfaces. This surface was obtained from a fit to ab initio 

points using the CEPA method. The coefficients obtained from the fit are shown in Table 6.5. 

This surface has a minimum at the T-shaped geometry such that at jR =  6.08 ao, Oi =  0° and 

O2 =  90°, the well depth is -188.1 cm“ ^

6.3.3 Convergence

The evaluation of the van der Waals stretching states was achieved like those of the three-atom 

system. Therefore, the matrix elements for the van der Waals stretching states. Equation (3.25), 

were evaluated using Gauss-Hermite quadratures. Typically 64 quadrature points were required 

to ensure convergence to greater than 0.1%. The Hamiltonian matrix was obtained using Gauss- 

Hermite quadratures for the van der Waals stretching states in Equation (3.51). As for the three- 

atom system, no more than 10 van der Waals stretching states were used. In all the calculations 

the total angular momentum J  was zero and parity was even. The maximum values of j \  and 

j 2 for all systems can be seen in Table 6 .6 .
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Table 6.6: Maximum values of the rotational states used in the evaluation of the Hamiltonian matrix and in the 
wavepacket calculations. The initial column corresponds to the maximum number of rotational states used in the 
Hamiltonian matrix evaluation and those of the initial vibrational state in the wavepacket calculation. The final 
column corresponds to the maximum number of rotational states in the final vibrational state in the wavepacket 
calculations. The j\ states correspond to the rotation of D2 or H2 and the jj states correspond to the rotation of HF 
or OH.

Initial Final
System 3\ 32 71 32
arf/za-D2 -HF 6 7 6 1
para-D 2 -HF 7 7 7 1
/?ara-H2 -HF 4 5 8 14

orf/ia-D2 -OH 4 3 4 6

/?ara-D2 -0 H 5 4 5 6

/?ara-H2 -OH 4 3 6 13
orr/za-H2 -OH (%0 H =  2 ) 5 4 7 13

arr/io-H2 -OH (DH2 =  1 ) 3 3 3 7

6.3.4 Propagation

As with the previous work on the XBC and X2 BC systems we employed the symplectic inte

grator propagation scheme which has m  = 6 , n  = 4- and the coefficients of which are shown in 

Table 6.2. In the wavepacket calculations the propagation parameters not only depend upon the 

system but also on whether the D2 or H2 is ortho or para. In the D2 -HF and H2 -HF calculations 

the grid spacing was taken to be 0.25 ao and the number of grid points was 128. The minimum 

grid value i^min was 3.25 ao for para-H 2 -HF 3.50 oq for para-D2 ~UF and 3.75 oq for ortho-T>2 - 

HF. The propagation of the wavepacket can be considered to take place on an initial and final 

vibrational states. The initial vibrational state corresponds to the situation of the metastable 

state, in which the homonuclear diatom is in the ground vibrational level and the heteronuclear 

diatom is in some excited vibrational state. The final vibrational state then corresponds to when 

the heteronuclear diatom has lost one quantum of vibration. In the D2 systems the homonuclear 

diatom is in the first vibrational state. The maximum number of rotational states for the initial 

condition is the same as that used to obtain the Hamiltonian matrix. For the final vibrational 

state, upon which dissociation occurs, the maximum values of the rotational states are different 

for H2 -HF and can be seen in Table 6 .6 . The vibrational coupling terms between the initial
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Table 6.7: Vibrational coupling terms of 0%/ H2-HF and 0%/ H2-OH where (i;/|c2i3|r;i) and (r;/|c224|vj) are those 
associated with the dipole-quadrupole and quadrupole-quadrupole coupling.

Process ( v fh id lv i ) (Vflc224lVi)
D2 -HF (u =  1) Ü2 (u =  1) -h HF {v = 0)^ 
H2 -HF (t; =  1) —>■ H2 (v = 0) + HF (v - 0)^

0.00207
0.01349

-0.0231
-0.1505

D2 -OH ('UoH =  2) ^  D2 (f =  1) + OH (v =  1) 
H2 -OH (uoH = 2 ) ^ H 2 (v = 0) + o h  (v = 1)

0.00096
0.00526

-0.0219
-0.1203

H2 -OH (vh2 =  1) —> H2 (iJ =  0) -h o h  (v ~  1) 0.000068 -0.0155

“ From Ref. [127].
‘’ FromRef. [132].

and final states are shown in Table 6.7. Like the calculations of Z h a n g o n  H2 -HF we em

ployed a cut-off criterion such that only those states with energy less than some cut-off energy 

Ĵ cut were considered. In the case of H2 -HF this was set such that Ecvx was 5000 cm~*. The 

propagation step size also depended upon the system and was 0,726 fs (30 au) for /?ara-H2 -HF, 

1.93 fs (80 au) for pam -D 2 -HF and 3.02 fs (125 au) for orfAo-D2 -HF. The number of time steps 

required to obtain converged lifetimes, and also for ortho-D2 ~ W  converged rotational product 

distributions, was 2000 for D2 -HF and 3000 for H2 -HF. A calculation on ortho-E.2 - W  would 

be very computationally expensive because not only is the lifetime significantly longer than 

/7«ra-H 2 -HF but the number of open rotational channels is also greater. We have therefore been 

unable to obtain converged results for orr/io-H2 -HF.

In the D2 -OH and H2 -OH calculations the grid spacing was taken to be 0.25 ao and the 

number of grid points was 128. The minimum grid value jRmin was 4.0 oq for orf/za-D2 -OH, 

3.75 ao for pam -D 2 -0 H, 3.50 ao for arf/za-H2 -OH and para-H 2 -OH. In the wavepacket calcu

lations the maximum values of j \  and j 2 , for the initial vibrational states, were the same as that 

for the metastable state. The final vibrational state has maximum values for j \  and j 2 as shown 

in Table 6 .6 . The vibrational coupling terms between the initial and final states are shown in 

Table 6.7. The time step size used in the calculations was 1.21 fs (50 au) for ;?ara-H2 -OH 

and ortho-ii2 -0 \{, 2.42 fs (100 au) for pam -D 2 -OH and 3.14 fs (130 au) for ori/za-D2 -OH. 

Typically 6000 time steps were used to obtain converged lifetimes and rotational product dis

tributions for D2 -OH and only lifetimes for H2 -OH.
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As with our previous studies we make use of the identity in Equation (6.2) and there

fore having propagated up to time t we can obtain the autocorrelation function to 2t. In the 

extraction of the lifetime using Prony’s method we use 500 evenly spaced points of the auto

correlation function. We again increase the number of resonances used in Prony’s method until 

convergence is obtained or the method becomes unstable, but we never exceed 250 such states.



79

Chapter 7

XBC Results

7.1 NeCb, HeCb, NelCl and HelCl

7.1.1 Lifetimes

The resonance energies of the four systems studied are shown in Table 7.1, which also shows 

the previous time-dependent,^"^’ time-independent^ i , 35,45 and experimental^ 1,35,37 j-gsults. To 

obtain converged resonance energies a relatively short propagation time is required compared 

with that needed to obtain lifetimes. Remarkable agreement between our values and those of 

Gray and Wozny is found. The only discrepancy is for HeCl2 where there is a difference of 

0.4 c m " \  but our value does agree with that of the time-independent calculations. We also find 

a good agreement for all other systems when compared with the time-independent results. If 

we now compare the theoretical results to the experimental values we find that there is a good 

agreement, where the only discrepancy occurs for HeCl2 with a difference of about 2  cm“ ^ 

The lifetimes of the systems studied by Gray and Wozny^"^’^̂  are shown in Table 7.1. 

Also shown are the lifetimes obtained from experiment^ and time-independent calcula

tions.^ The time-independent calculations were performed on the same potential energy 

surface as that used in this work, and can therefore be used to compare with our results. If we 

consider the NeC^ system we can immediately see that as the initial vibrational level, v, is 

increased the lifetime decreases. This observation is made for both the time-independent and 

time-dependent results. This has been noted in all three-atom systems which have been studied
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Table 7.1: Resonance energies and lifetimes of NeCb, HeCb, NelCl and HelCI.

Resonance Energies / cm
System Experiment Time-Independent Time-Dependent^ Present
NeCli {v =  9) - -54.6'^ -5 4 .6 -5 4 .6
NeCl2 (u =  11) - 5 4 b -54.4*’ -5 4 .3 -5 4 .3
HeCl2 (v = 8) - I L -9 .4" -9 .0 - 9 .4
NelCl (v =  2) -42^ -42.4^^ -4 2 .3 -4 2 .3
NelCl (v = 5) — — -4 1 .7 -4 1 .7
HelCl (v = 3) -15^ - -1 4 .6 -1 4 .6

Lifetimes / ps
System Experiment Time-Independent Time-Dependent^ Present
NeCl2 (v =  9) - 295*̂ 310 308
NeCl2 (?; =  11) lOO’̂ 100^ 120 110
HeCl2 (v = 8 ) 510̂ ^ 310" 240 280
NelCl (v = 2) — 2590^ 2600 3100
NelCl (v = 5) - - 160 2 0 0

HelCl (v = 3) 550^ - 1 0 0 0 1 2 0 0

“ NeCl2 results from Ref. [24] and all others from Ref.[ 33]. 
•’ FromRef. [31].

From Ref. [35].
 ̂From Ref. [45].

® From Ref. [37].

in previous work. The exception to this is when the dissociation limit of the BC diatom is 

reached^^’^ ’̂^̂ ’^̂ "̂ ’ ®̂̂  or when electronic predissociation is competing with In these

cases the lifetimes can increase or decrease as the vibrational level is increased.

The lifetimes we obtain from our time-dependent calculations are also shown in Table 7.1. 

If we compare the NeCli lifetimes obtained with those of the previous work we find that there 

is a good agreement. It can be seen that for both vibrational levels we obtain a value which 

is slightly less that those of Gray and Wozny, but is slightly greater than the time-independent 

results. In the work of Gray and Wozny they accounted for this difference by the fact that 

they had used a Morse potential for the CI2 where as the time-independent work had used a 

spline. The fact that our results are between the previous time-dependent and time-independent 

lifetimes is particularly promising. Comparing the lifetimes for u =  11, with the experiment 

we find that the agreement is good and suggests that the simple functional form of the potential 

can reproduce the dynamics of the process successfully.
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For HeCl] we find that the lifetime obtained falls between the values from the previous 

theoretical calculations. They can therefore be considered to be in good agreement with both 

of them. The agreement with experiment is much poorer than that obtained for NeCli.

The largest disagreement between the present work and the previous theoretical calcula

tions is for NelCl (v =  2), where there is a difference of about 500 ps. The lifetimes for NelCl 

(v =  5) also differ, from the previous work, but only by 40 ps. The reason for this large dis

crepancy could be the fact that the lifetime is extremely long (on the order of nanoseconds). 

Generally the longer the lifetime the more difficult it is to obtain. This is because a longer 

propagation time is required and the autocorrelation function, S{t),  is usually more oscillatory 

in nature. It has been mentioned in Section 5.1 that this oscillatory nature can be reduced by in

creasing the accuracy of the initial metastable state. This can be achieved by increasing the size 

of the Hamiltonian matrix, for example, by increasing the number of van der Waals stretching 

states. This effect can be seen in Figure 7.1, where the number of van der Waals stretching 

states, n, is increased from 2 to 4 and finally to 6 . For n — 2 the autocorrelation function 

S{t)  has a large oscillation and using the simple method of extracting the lifetime from such 

plots would be very difficult. As n  is increased the oscillations become much smaller and by 

n =  6  there are hardly any oscillations in the autocorrelation function. What is particularly

0.000

- 0.002

- 0 .004

^  - 0 .006
n = 6 
/? =  4 
n = 2

-
- 0 .008

- 0 .010

- 0.012

- 0 .014

3 5 60 2 4

Figure 7.1: Plot of ln |5 (f)|- vs. time for the 
NelCl {v -  2) propagation, where S{t) =  
{ijj{0)\xl){t)) is the autocorrelation function and 
71 corresponds to the number of van der Waals 
stretching states used in the evaluation of the ini
tial wavepacket ip{0).

Tim e / ps
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interesting though is that the lifetimes extracted from all of these propagations using Prony’s 

method, agree to 3 significant figures. The only difference is that typically longer propagation 

times are required for the less accurate metastable state to gain the same accuracy.

Finally if we compare the lifetime obtained for HelCl {v = 3) with the previous time- 

dependent results, it can be seen that the two are in reasonable agreement, but when they are 

compared with the experimental results we observe a factor of two difference.

7.1.2 Rotational Product Distributions

The rotational product distributions for the CI2 or ICI fragment for each of the systems studied 

are shown in Figure 7.2. All correspond to the major vibrational fragmentation channel, v — 

where v corresponds to the initial vibrational level of the diatomic molecule in the metastable 

complex. For comparison the distributions obtained by Gray and Wozny^^ are also shown. For 

NeCli only the (î; =  11) distributions are shown because plots for (v =  9) are very similar. Our 

distributions show a simple structure with a maximum at j j  =  6 , and a very small secondary 

peak at j f  = 20, where j /  is the final rotational state. Comparing this with the previous time- 

dependent work it can be seen that they have a much more pronounced secondary peak. The 

main peak is also at a slightly lower rotational state. Due to these differences our calculations 

were repeated for longer propagation times (up to 125 Ty or 30 ps) and with more accurate 

initial metastable states. These calculations gave distributions which did not differ from our 

simpler calculations, which may indicate the results are more converged.

The rotational distributions for HeCl2 shows a predominant peak at j f  — 2 and a secondary 

maxima at j j  =  10. This bimodal structure is also observed in the previous time-dependent 

work and good agreement with our results can be seen. This secondary peak is much more 

pronounced than that found in previous work on Hel2 .̂  ̂ For NelCl a good agreement can also 

be seen. There is much more structure in the distribution at low j f  and the main peak is at high 

j f .  The asymmetry of the ICI molecule has been suggested as the reason for this.^^ The HelCl 

product distributions shows a predominantly bimodal structure with a main peak at j f  = 1  

and a secondary peak at j f  =  14. This is more like the distribution of the HeCl2 and not that 

of NelCl. With HelCl it can be seen that we have further good agreement with the previous
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time-dependent results. Overall there is a general agreement with the previous theoretical work 

for the rotational product distributions, except for NeCk.

7.1.3 T im e E volu tion

The analysis of the wavepacket /■, 7 ; f) as it evolves in time can give mechanistic details 

of the dissociation. To study the time evolution of the wavepacket it is convenient to rewrite it

(a) NeCl
0 .16

^  0 .08

0.04

Final rotational state

(b) HeCl
0..1

0.2

Cl

1 4 6  8 10 12 14 16  180
Final rotational state

(c) N elC l
0.08

0 .06

0.02

Final rotational state

0 .16

(d) H elC l

0 .1 2

0.08

Cl

0.04

0 5 10 15 20
Final rotational state

Figure 7.2: Rotational product distributions for the propagations of (a) NeCb {v =11) ,  (b) HeCb {v =  8), (c) 
NelCl (v =  5) and (d) HelCl {v =  3) in the v -  1 channel. The solid line corresponds to this work and the dashed 
line is that of Gray and Woztiy.-’-̂ The total probability of the v — 1 channel is normalised to one.
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as

= Y ,^ v ( R n '^ t ) X v '{ r ) ,  (7.1)
v'

where

Ly>{R,r,t) = ^C y 'j '(R ,t)( l) j> {j) .  (7.2)
f

If we now consider the definition, used by Gray and W o z n y ,o f  the probability density for a 

particular vibrational channel in the diatomic molecule, we can write

py>{R,^\t) = sm'y\Ly>{R,'y-t)f-. (7.3)

The initial condition given by py'{t = 0), has no density in the u — 1 and v — 2 channels. This 

is because the metastable wavefunctions were constructed in a particular vibrational level and 

probability density is only observed in the lower channels at later times. The initial wavepacket 

for all systems are shown in Figure 7.3, where it is overlaid on top of the contour map of 

the potential energy surface of that system. It can be clearly seen that the maximum of the 

wavepacket occurs at the position of the well in the potential surface. The general form of the 

wavepackets can be described as Gaussian in shape, where the He system are more diffuse. The 

homonuclear systems containing CI2 are both symmetric about 7  =  90° as would be expected.

If the wavepacket in the vibrational channel v is considered, for all systems studied, as time 

evolves it can be seen that the general nature of it does not change on the time-scales of the 

propagations performed here. However if we consider the maximum value of this channel it 

can be seen that as time increases the maximum value decreases. The reason for this is that 

probability density is flowing into the lower vibrational channels from the initial vibrational 

channel and can be thought of as the ‘mother packet’. I f  we consider the amount of density 

going into each of the lower vibrational channels, we can see that it goes predominantly into 

the u — 1 channel and only a small percentage goes into v — 2. The v — \ channel can therefore 

be thought of as the most important in the dissociation and the evolution of the wavepacket in 

this channel can give an insight into the dynamics of the process.

In Figure 7.4 the contour map for the probability density of the NeCl2 (u =  11) system in 

the v' = V — I channel is shown. After a relatively short time the wavepacket can be seen to
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form two peaks, one of which is at a shorter radial distance than the peak in the mother packet. 

Tlie peak at larger R then moves outward from the the main peak, only to be replaced by 

another peak. This is because density is continuously flowing from the the vibrational channel 

above. This outward moving peak continues to do so as time increases and spreads out to larger 

angular regions. Eventually, if propagation is performed for long enough, this peak reaches the 

point where absorption is performed. The wavepacket can be described as a series of peaks 

moving outwards which stretch from small R and can be clearly seen in Figure 7.4(d).

Considering the evolution for the HeCE (v = 8 ) system, which is shown in Figure 7.5,

R / ao

(a) NeCb (b) HcCh

R / ao

15

1 0

5

(c) NelCl

1800 12060 180 0

d) HelCl

7  /  degrees

60 1 2 0  

7  /  degrees

Figure 7.3: The contour plots o f the initial probability density, p y ( t  =  0), for (a) NeCL {v  =  11), (b) HeCb
( v  =  8), (c) NelCl { v  =  5) and (d) HelCl {v — 3). Also plotted are the contours of the potential energy surface of
each system and correspond to those shown in Figure 6.1.
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a similar picture to NeClz is observed after propagation for a short time. To begin with two 

peaks can be seen, where the major peak is again at a shorter radial distance than the peak of 

the mother packet. Density then flows from this region out into large R, but unlike NeClz, the 

distinction between the series of peak is small and it appears to form an undulating wave. More 

importantly in Figure 7.5(b) when t =  4r,;, the wavepacket appears to split into two angular 

peaks at radial distances greater than 10 ao- This structure of the wavepacket can explain the 

bimodal nature of the rotational product distribution. It has been shown by Gray and Wozny 

that this type of bimodal structure is the result of quantum interference and can be predicted

R /  ao

R /  ao

(b) t = iTy(a) t   Ty

15

10

7  /  degrees

(d) t =  4r,(c) t = 3r,

120 180120 180 0 60

7  /  degrees

Figure 7.4: The probability densities {t )  of the evolution of tire wavepacket for the NeCl2  (v =  11) propaga
tion. where r̂ , =  0.246 ps.
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Figure 7.5: The probability densities p ,̂_\(<) of the evolution of the wavepacket for the HeClz (v =  8) propagation, 
where Ty =  0.198 ps.
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Figure 7.6: The probability densities p y ^\ { t )  o f the evolution of the wavepacket for the HeClg ( v  — 8) propagation,
where =  0.198 ps and the highest contour corresponds to O.l^max-
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from the study of the wavepacket after a relatively short time.^^ This is because if the regions 

on either side of the main peak, at angular values greater than and less than 90°, are examined, 

satellite peaks can be found. If we replot the contours for the wavepackets in Figure 7.5, for 

smaller values, we find that there are regions of density on either side of the main series of 

peaks. This is shown in Figure 7.6 in which the highest contour corresponds to 0.2pmax, where 

Pmax is the maximum value of the probability density in the u — 1 channel.

The contour plots of the evolution of the wavepacket for the NelCl {v = 5) system are 

shown in Figure 7.7. In the propagation of the NelCl system the wavepacket starts at an angular 

geometry equivalent to the maximum peak in the mother packet. The density then flows out 

to large R  but in doing so moves towards smaller angular geometries. The formation of the 

wavepacket appears to be more structured than the homonuclear systems. This explains the 

more complex nature of the rotational product distributions.

Finally, for the HelCl {v = 3) system the evolution of the wavepacket over time is shown 

in Figure 7.8. The structure of the density in the u — 1 channel shows two dominant series of 

peaks. The main series starts at an angular geometry which corresponds to the maximum peak 

in the mother packet, but the second series appears at larger angular values. This can explain 

the pronounced bimodal structure to the rotational product distributions.

7.1.4 Conclusions

Generally there is good agreement between our lifetimes and resonance energies and the previ

ous theoretical calculations, indicating that they can effectively be obtained from the propaga

tions. The difference between our results and those of Gray and Wozny could be due to our use 

of a more sophisticated technique (Prony’s method) to extract the lifetime from the autocorre

lation function. Another possible reason why our results are slightly different is that we do not 

employ an analytical form of the Morse function but instead construct it from a linear com

bination of harmonic oscillators; our initial wavefunction and potential matrix elements may 

therefore vary slightly from those of Gray and Wozny. It is also noted that for systems with 

extremely long lifetimes it is particularly beneficial to have more accurate initial metastable 

states because shorter propagation times can be used.
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Figure 7.7: Tlie probability densities py_]{t)of the evolution of the wavepacket for the NelCl (r; =  5) propagation, 
where — 0.289 ps..
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Figure 7.8: The probability densities p„_i (# ) of the evolution of tlie wavepacket for the HelCl {v  =  3) propagation,
where = 0 .2 1 7  ps.
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We also observe a good agreement for the rotational product distributions, except for the 

NeCl2 system. Why there should be this difference for only this system when all the others 

agree very well is unknown. Considerable effort was made to gain a better agreement, including 

propagations out to very long times and using much more accurate initial metastable states. 

Also when plots of the wavepacket were made a general similarity between the dynamical 

processes was found. In particular, the bimodal structure in the rotational product distributions 

was also observed in the probability density plots.

These systems were studied to test the time-dependent method and direct comparison with 

previous theoretical work has shown that this method does appear to be particularly good for 

studying such systems. Even when the lifetimes were extremely long the method was found 

to be suitable both for lifetimes and rotational product distributions. Another advantage of this 

method has been shown in that elucidation of the dynamical processes occurring can be made 

from studying plots of the wavepacket.

7.2 HeBr%

7.2.1 Lifetimes

The resonance energies corresponding to HeBr2 (u), where v = 8 ,10 and 12, are shown in 

Table 7.2 and are all within 0.02 cm“ * of the previously published results. These results include 

experimental work of Janda et al}^^ and time-independent work of Villarreal et al}^^ These 

energies were relatively easy to obtain with Prony’s method but the associated lifetimes require 

much greater effort and longer propagation times. Prony’s method shows that there is only one 

dominant resonance involved in the decay. For this reason the lifetimes can also be estimated 

from plots of In |<S'(f)|  ̂ vs. time, which are shown in Figure 7.9, and corresponds to the HeBr2 

(u =  10) propagation of different initial metastable states. The difference between these initial 

metastable states is the number of van der Waals stretching states, n  used in the Hamiltonian 

matrix evaluation. As for the work on NelCl, it can be seen that by n  == 6  the line is almost 

completely straight. Both methods give lifetimes which agree to three significant figures and 

are shown in Table 7.2, along with those obtained from previous work.^*^’
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Table 7.2: Resonance energies and lifetimes of HeBf2.

Resonance Energies / cm *
Vibrational Level (v) Time-Independent^ Present’’

Golden-Rule Line Shape
8 -13.85 -13 .83
10 -13 .80  -13 .79 -13 .79
12 -13.76 -13 .74

Lifetimes / ps
Vibrational Level (v) Experi inentaE Ti me-Independent^ Present’’

Golden-Rule Line Shape
8 150 204 217
10 140 140 147 150
12 86 98 106

From Ref. [114].
From Ref. [116].

' From Ref. [113].

The lifetime for v = 10 is 150 ps which compares very well to 140 ps (golden-rule), 147 ps 

(line shape) time-independent and 140 ps experimental results. The small difference from the 

time-independent calculations is most likely due to the fact that the Vbc(^‘) potential used in 

our calculations is that of a Morse potential fitted to RKR data and not the exact RKR potential. 

The lifetimes for =  8 and 12 also shows a similar discrepancy when compared with that of

0.00
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/Î = 4 
n = 2
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-0.04

^  -0.06

^  -0.08
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Figure 7.9: Plots of ln |5 (f)p  vs. time for the 
HeBri {v =  10) propagation, where S{t) =  

is the autocorrelation function and 
n corresponds to the number of van der Waals 
stretching states used in the evaluation of the ini
tial wavepacket ip{0).
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the time-independent results. However when our results are compared with the experimental 

values we find that our agreement is not as good as the time-independent calculations. The 

reason why the golden-rule results are closer to the experimental values is that this method was 

used to optimise the potential energy surface parameters and therefore it is not surprising that 

they are in closer agreement. It is also interesting to note that the more accurate line shape 

results for f  =  1 0  are in closer agreement with our results than with that of the golden-rule 

calculation.

7 . 2 . 2  R o t a t i o n a l  P r o d u c t  D i s t r i b u t i o n s

The rotational product distributions for the u =  10 metastable decay of HeBr] are shown in 

Figure 7.10 and coiTespond to the v' = v — \ dissociation channel. There is a very good 

agreement between these results and the time-independent calculations, with a maximum peak 

at j f  = 2 and a smaller secondary peak at j f  = 10. This secondary maximum is not as 

pronounced as the one found in the rotational distributions of HeCl],^^ but is more so than that 

of Hel].^^ Considering the previous work detailed in Section 7.1, one may assume that the 

probability density in the v — 1 channel will show a bimodal structure, but not as extensively 

as that found in HeCh. If the rotational product distributions of the u =  8  and 1 2  metastable
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Figure 7.10: Rotational product distributions for 
the propagations of HeBr] (v =  10) in the u -  1 
channel. The solid line corresponds to this work 
and the dashed line is that of Villarreal et 
The total probability of the u — 1 channel is nor
malised to one.
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decays are considered, one finds that they are very similar to the v = 1 0  distributions with a 

main peak at j f  = 2  and a smaller one at =  1 0 .

7.2.3 Time Evolution

If we now consider the probability density defined in Section 7.1.3, corresponding to the initial 

metastable state we observe a Gaussian-like structure similar to that obtained for HeCli, and 

this can be seen in Figure 7.11. This initial wavepacket is shown on top of the potential energy 

contour map and it can be seen that the position of tlie maximum coincides with the well in the 

potential energy surface. As with the previous work on three-atom systems, we find that the 

dominant channel in the dissociation is the î; -  1 channel. It is therefore this channel which we 

shall consider to gain an understanding of the VP process. The probability density associated 

with the dissociation channel as it evolves in time is shown in Figure 7.12 for the propagation 

of initial metastable state v =  1 0 .

The radial area covered by these plots is larger than those shown previously and has a 

maximum R  value of 25 ao. A similar dynamical picture to that of HeCF is observed. This 

involves a flow of density into large radial distances, where it shows a bimodal structure which 

is not as prominent as that of HeClz, and occurs at a larger value of R. This has also been

R /  ao

60 1 2 0  

7  /  degrees

Figure 7.11: The contour plots of the initial 
probability density, p̂ .(t =  0), for HeBro (t; =  
10). Also plotted are the contours of the potential 
energy surface and correspond to those shown in 
Figure 6.2.
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discussed in Section 7.1.3 and by Gray and W ozny .A cco rd ing  to Gray and Wozny if there 

is a secondary lobe on either side of the main peaks this leads to high j  tails which can result 

in bimodality. In Figure 7.13 we show the probability density of the wavepacket in the u — 1 

channel for the i; =  10 metastable decay after and 2 r„. Here Ty is the classical vibrational 

period of Br2 {v =  10) which is 0.250 ps. The highest contour in these plots correspond to 

0  Ipmax, where p^ax is the maximum value of the probability density on the r; — 1 channel. 

These secondary lobes are much smaller than those of HeClz and hence the secondary peak in 

the rotational product distributions is much smaller than that obtained for HeCl2 . The ease with 

which the wavepackets can be examined to explain the details of the VP mechanism illustrates 

an advantage of the time-dependent over the time-independent approach for these systems.

7.2.4 Conclusions

Resonance energies, lifetimes and product distributions have been successfully obtained for 

HeBr2 , u =  8 , 10 and 12. We have shown that there is generally excellent agreement with 

previous time-independent results and reasonable agreement with experiment. In the analysis 

of the evolving wavepacket, we have observed a bimodal structure of the wavepacket which is 

not as prominent as that found in HeCl2 . This explains why the secondary peak in the rotational 

product distribution is not as pronounced as that found in HeCl2 .
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Figure 7.12: The probability densities py_\(f) of the evolution of the wavepacket for the HeBro (v =  10) propaga
tion. where =  0.250 ps.
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Figure 7.13: Tlie probability densities p„_i ( /)  o f the evolution of the wavepacket for the HeBr2  (w =  10) propaga
tion. where Ty =  0.250 ps and the highest contour corresponds to 0.1/9max-
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Chapter 8

X2BC Results

8.1 NeiCli and HeiCli

8.1.1 Lifetimes

If we first consider the resonance energies of both Ne2 Cl2 and He2 Cl2 , extracted using Prony’s 

method from the autocorrelation function, we find that they can be obtained from extremely 

short propagation times. This observation was also found in the three-atom systems studied 

in the previous Chapter. The resonance energies obtained for all initial vibrational levels in 

the metastable state, between 7 and 12, are shown in Table 8.1, as are the values obtained by 

Le Quéré and Gray using the same method. It can be seen that for He2 Cl2 we are in good 

agreement with the previous work, where the largest error is 0.3 cm“ ^ For Ne2 Cl2 reasonable 

agreement is found, with the maximum difference around 1.2 cm“ ^ Generally we find that as 

the initial vibrational level of the metastable state is increased the resonance energy decreases; 

this was also observed for the three-atom systems studied previously.

The vibrational predissociation lifetimes of Ne2 Cl2 and He2 Cl2 are shown in Table 8.1 and 

for comparison the results of the time-dependent work of Le Quéré and Gray are also shown. 

We find that lifetimes can also effectively be extracted from the autocorrelation function us

ing Prony’s method. As mentioned previously, longer propagation times are required than 

those needed to obtain resonance energies. Also, as with the previous work in Chapter 7 on 

three-atom vibrational predissociation, we find that lifetimes decrease as the initial vibrational
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Table 8.1: Resonance energies and lifetimes of N e 2 Cl2 and He2 Cl2 .

Resonance Energies / cm
Ne2Cl2 He2Cl2

Vib. Level (v) Time-Dependent^ Present Time-Dependent^ Present
7 -152 .3 -151.1 -3 2 .4 -3 2 .2
8 -152.1 -150 .9 -3 2 .5 -3 2 .2
9 -152 .0 -150.8 -3 2 .4 -3 2 .2
1 0 -151 .3 -150 .6 -3 2 .5 -3 2 .2
1 1 -151 .5 -150.3 -3 2 .5 -3 2 .2
1 2 -151 .2 -150 .0 -3 2 .4 -32 .1

Lifetimes / ps
Ne2 Cl2 He2 Cl2

Vib. Level (v) Experiment^ Time-Dependent^ Present Time-Dependent^ Present
1 — 237.0 168.7 64.6 62.8
8 123.7 139.0 103.1 45.0 43.5
9 — 83.1 63.2 31.9 31.3
1 0 — 50.1 38.8 2 2 . 6 2 2 . 1

1 1 44.4 29.7 24.7 16.4 16.0
1 2 - 18.9 18.3 11.9 1 2 . 6

“ From Ref. [145]. 
*’ From Ref. [146].

level of the metastable state is increased. Like the resonance energies obtained, a better agree

ment, with the previous time-dependent work, is found for He2 Cl2 . The largest discrepancy for 

He2 Cl2 is the lowest vibrational state considered, v = 1, where the difference is 1.8 ps. This 

error is within acceptable bounds and is probably caused by the difference in construction of 

the vibrational states of the CI2 diatom.

When we consider the Ne2 Cl2 lifetimes we find that the discrepancy with the previous work 

is much larger. For the lowest vibrational level considered, f  =  7, we find that they differ by 

68.3 ps. However when we consider v = 12, we find that the difference between our value and 

that of the previous work is 0.6 ps. As the initial vibrational level is increased from 7 to 12 

the discrepancy between the results decreases. It has previously been shown that the lifetimes 

for the Ne2 Cl2 system has a much greater dependence on the angle, 6 , between the Ne atoms. 

This is because the interaction forces are stronger for Ne-Ne than for He-He. Finally if we 

consider the experimental lifetimes we find for Ne2 Cl2 (v = 1 1 ) the agreement is reasonable 

but our result is slightly low. For the Ne2 Cl2 (v = 8 ) the agreement is again reasonable and
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Table 8.2: Vibrational product distributions of NcaCh and HeiCb.

Ne2 Cl2

V = 1 V =  \ 2

Time-Dependent^ Present Time-Dependent^ Present
P v-l 0.03 0 . 0 1 0 . 0 1 0 . 0 1

Pv-2 0.96 0.97 0.95 0.91
Pv-3 0 . 0 1 0 . 0 1 0.05 0.06

He2 Cl2

V = 1 u =  1 2

Time-Dependent^ Present Time-Dependent^ Present
P v-l 0.04 0 . 0 0 0.04 0 . 0 2

Pv-2 0.90 0.95 0.89 0.91
Py-3 0.03 0 . 0 0 0.08 0.07

“ From Ref. [145]. 

falls between our result and that of Le Quéré and Gray.

8.1.2 Vibrational Product Distributions

The method of Le Quéré and Gray outlined in Section 5.3 was used to obtain the vibrational 

product distributions of Ne2 Cl2 and He2 Cl2 . It should be noted that this method is only ap

proximate and gives results within ±10%  of the actual values. The product distributions 

obtained in this work and that from previous work "̂^  ̂ are shown in Table 8.2. Only the u =  7 

and 1 2  distributions are shown because there is very little variation as the initial vibrational 

level is changed. It can be seen that the u — 2 product decreases slightly whilst the u — 3 

increases slightly, but overall there is hardly any change. It can be seen that the main product 

is obtained with u — 2 with a very small percentage of the products having v — \ and v — 3. 

This observation is also made in the previous work and our results are within the errors of the 

calculation.

Experimental results for He2 Cl2 (v =  8 ) and Ne2 Cl2 {v > 9) also find that the u — 2 channel 

is the dominant one. However experimental results for the Ne2 Cl2 (v =  7) show that the v — 1 

channel is the main product. The reason for this disagreement was suggested by Le Quéré and 

Gray to be the results of the exclusion of the angle between the Ne atoms in the calculations. 

When the angle, 9, was varied it was found that if it was changed by 10° the u — 2 product
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became significantly less, whilst that of -u — 1 increased. It has therefore been suggested that 

the inclusion of the angle 9 within the calculations for systems containing Ne would give better 

agreement with experiment.

Le Quéré and Gray found that the value of the term in Equation (5.11) was

relatively large. This suggests that the dominant contribution to the u — 2 product comes from 

the u — 1 channel and therefore a sequential mechanism is involved. This suggestion can be 

further investigated by the examination of the evolving wavepackets and is discussed in the 

following section.

8.1.3 Time Evolution

The vibrational state probability density can be given bŷ "̂ ^

py{Ri ,R2' , t)  =  \C y {R \ ,R 2 ‘,t)\^,  (8 .1)

and can be used to gain an understanding as to whether a direct or sequential mechanism is 

occurring. If we first examine the initial metastable state for both NezCli and He2 Cl2 we find 

the wavepackets are Gaussian in shape. These are shown in Figure 8.1 for Ne2 Cl2 (v =  7) 

and He2 Cl2 (v — 11). Here by definition of the metastable state only py has any density and 

all other vibrational channels have zero density. It can be seen that the He system has a much 

more diffuse shape than that of the Ne system. A similar picture was obtained for the three- 

atom complexes NeCl2 and HeCl2 ; the wavepacket covered a much smaller region in the Ne 

system. As the wavepacket is propagated the contribution from the v channel does not change 

in appearance, but its maximum value decreases. This is because density is flowing into the 

lower vibrational channels v — \ and v — 2 .

The evolution of the probability density py-i  for Ne2 Cl2 (v = 7) is such that a peak forms 

at small values of R\ = R 2 . The position of this peak approximately corresponds to that of the 

mother packet (i.e. the peak in the initial vibrational channel v). Density then flows into the 

Ne 4 - NeCl2 region but not into the 2Ne + CI2 region. If we consider the contour plots of py-\  

at f % 4 ps, shown in Figure 8.2(a), we can see that there are two series of peaks emerging 

from the main peak in the interaction region, out to either large R\  or R 2 . If we consider py- 2  

for this system, density can be seen in the 2Ne + CI2 region, and is shown in Figure 8.2(b). It
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can be seen that density does not predominantly flow out from the main peak along R\ =  Ri. 

If this was more apparent then it might be assumed that a direct mechanism was taking place 

in the dissociation. However, in this case a significant proportion of the density can be found 

between the interaction region and the Ne + NeCH region. It appears that this density is then 

flowing into the 2Ne 4- CI2 region, which implies that a sequential mechanism is in operation.

Considering now the He2 Cl2 {v = 11) system we find a similar dynamical process is 

occurring. The probability density of the r; -  1 and u -  2 at ( % 2 ps are shown in Figure 8.3. 

It can be clearly seen that the u -  1 channel does not have any significant density in the 2He 

+ CI2 region. In the contour plot oi py-\ it can be seen that the density flows out from an area 

of liigh density into the He + HeC^. When we consider the v -  2 channel we find that there 

is density in the 2He + CI2 region. It can also be seen that the density is flowing out from the 

series of peaks at small R\ or %  The structure of the probability density in the v — 2 channel 

for He2Cl2 appears to be less disordered titan that of Ne2 Cl2 . For He2 Cl2 we may draw the 

same conclusion as for Ne2 Cl2 , that it is decaying by a sequential mechanism.

A similar dynamical picture was also observed by Le Quéré and Gray. They too found that 

the V -  1 channel did not show any significant regions of density wltich could be attributed to
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Figure 8.1: The contour plots o f the initial probability density, p y [ t  =  0), for (a) N eiC ^ {v  =  7) and (b) HeaCli
(v  =  11). Tlie contour map o f the potential energy surface can be seen underneath the initial wavepackel and the
contours correspond to those o f Figure 6.3.
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Figure 8.2: The probability densities at ( % 4 ps of the evolution of tlie wavepacket for the Ne^Clz (r; =  7) 
propagation in the (a) — 1 and (b) v ~ 2  vibrational channels.
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Figure 8.3: The probability densities a t f æ Z p s o f  the evolution o f the wavepacket for the He2 Cl2  { v  =  11)
propagation in the (a) t; — 1 and (b) r; — 2 vibrational channels.
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2X + CI2 . When they considered py- 2  they found areas of density in the 2X + CI2 region and 

they concluded also that a sequential mechanism was taking place.

8.1.4 Conclusions

Comparison of resonance energies and lifetimes with the previous results of Le Quéré and Gray 

have shown good agreement for He2 Cl2 but only reasonable agreement for Ne2 Cl2 . Vibrational 

product distributions show that the u — 2  channel is predominant for all initial vibrational levels 

of both Ne2 Cl2 and He2 Cl2 . This was also found by Le Quéré and Gray. A disagreement with 

experiment was however found for low v of Ne2 Cl2 where v — 1 was found to be the main 

vibrational product. It has been suggested that higher dimensional calculations in which 9 is 

included would perhaps attain closer agreement. Study of the probability density associated 

with the u — 1 and v — 2 channels has shown that a sequential mechanism is responsible for the 

fragmentation.

8.2 NeiBrz and Hc2Br2

8.2.1 Lifetimes

The resonance energies extracted, using Prony’s method from the autocorrelation function, for 

Nc2 Br2 and Hc2 Br2 are shown in Table 8.3. It can be seen that as the initial vibrational level 

is increased there is a gradual decrease in the resonance energy for both complexes. The reso

nance energies can be compared with those of Ne2 Cl2 and He2 Cl2 . When such a comparison 

is made we observe that the magnitude of the Ne2 Br2 and He2 Br2 energies are slightly larger.

If we now consider the lifetimes, which as before require greater effort to obtain, we find 

that Ne2 Br2 lifetimes are much larger than those of He2 Br2 . This is shown in Table 8.3, where 

the lifetimes have been obtained for initial vibrational levels 7 to 12. The usual trend of de

creasing lifetimes with increasing initial vibrational level is found, but the change in lifetime 

is smaller for Ne2 Br2 . The lifetime for He2 Br2 are slightly smaller than He2 Cl2 when v = 1, 

but are larger for v > 9 .  For Ne2 Br2 the lifetimes are longer than those of Ne2 Cl2 for all initial 

vibrational levels studied. Interestingly the result of Le Quéré and Gray, for Ne2 Cl2 (v =  12),
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Table 8,3: Resonance energies and lifetimes of and

Resonance Energies / cm ' Lifetimes / ps
Vib. Level (v) Nc2 Br2 Hc2 Br2 Ne2 Br2 He2 Br2

7 -164 .9 -4 0 .9 236.6 52.6
8 -164 .9 -4 0 .9 179.7 42.5
9 -164 .9 -4 0 .8 137.7 3 3 a
1 0 -164 .8 -4 0 .8 107.6 28.9
1 1 -164 .8 -4 0 .8 8 4 a 24.8
1 2 -164 .7 -40 .8 67.8 2 0 . 1

Table 8.4: Vibrational product distributions of Ne2Brz and

Nc2 Br2 He2 Br2

V =  1 v = \2 V =  1 V = 12
P v-l 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

Pv-1 0.97 0.95 0.98 0.94
Pv-3 0 . 0 2 0.04 0 . 0 1 0.04

is almost exactly the same as that of Ne2 Br2 , with both around 230 ps.

8.2.2 Vibrational Product Distributions

In Table 8.4 we present the vibrational product distributions for Ne2Br2 and Hc2 Br2 for initial 

vibrational levels 7 and 12 only. We only show these levels because the others vary very little. 

The primary product for both systems is the u — 2 channel, which is the same as that obtained 

for Ne2 Cl2 and He2 Cl2 . There is relatively little difference between the distributions obtained 

for the X2 CI2 and %2 Br2 systems. It can be seen that the decrease in the u — 2 distribution, as 

the initial vibrational level is increased, is smaller for the %2 Br2 systems.

8.2.3 Time Evolution

Using the vibrational state densities defined previously for the Ne2 Cl2 and He2 Cl2 systems we 

may consider the dissociation process of Ne2 Br2 and He2 Br2 systems. If we first take py, at 

t  = 0, the probability density of the Ne2 Br2 system, for all initial vibrational levels, are almost 

identical to each other and to those of Ne2 Cl2 . Basically py is Gaussian in shape and the only 

observable difference between the two systems is that the maxima of the Ne2 Br2 system is at 

a slightly larger radial distance. This is also true when the He2 Br2 system is compared to that
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of HezClz. The contour plots of the initial py, for both systems, are shown in Figure 8.4. If the 

evolution in time of py is considered for Ne^Bro, is it observed that relatively little happens on 

the time-scale of the calculation. What is noticed is that the maximum value of the probability 

density decreases but the general Gaussian shape is retained. The reason for tliis is that, as with 

tlie X2 CI2 systems, density is flowing into the lower vibrational channels denoted by v -  1 and 

V -  2. A  very similar process is observed for the He2 Br2 system.

To examine more closely the dynamical process which is taking place, we must therefore 

consider the evolution in time of the probability density associated with the u -  1 and v -  2 

vibrational channels. Here we find that py^i for Ne2 Br2 resembles that of Ne2 Cl2 . Therefore 

we find that after a very short time several peaks form at a small radial distance, which ap

proximately correspond to tlie position of the main peak in the initial vibrational channel v. 

Then density appears to flow out of this region to large radial distances. In Figure 8.5(a) we 

show py_\ at ( % 6  ps for Ne2 Br2 where it can be seen that density stretches from small radial 

distances out to the region associated with Ne -f NeBr2 . If the region associated with 2Ne -1- 

Br2 is considered we find that there is no appreciable density in that area.

However when the probability density in the v -  2 channel is viewed we hnd that a small

(0 0 )

(a) Nc2Br2 (b He2Br2
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R\ (ao)
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R \  (o o )

Figure 8.4: The contour plots o f the initial probability density, p y { t  =  0), for (a) Ne2 Br2  ( v  — 7) and (b) He2 Br2

( v  — 11). The contour map o f the potential energy surface can be seen underneath the initial wavepacket and the
contours correspond to those o f Figure 6.3.
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proportion of the density does appear in the region where both Ne atoms have separated from 

the CI2 . This is shown in Figure 8.5(b) which corresponds to pu- 2  at f % 6  ps. If a closer 

examination is made of these plots it can be see that the density appears to flow out from the 

area which stretches from the interaction region to the Ne + NeBr% region. What this suggests 

is that a sequential mechanism is occurring, as with Ne2 Cl2 .

Finally if we consider the He2 Br2 density plots for the u — 1 and v — 2 channels, we find 

that a similar analysis can be made. These plots are shown in Figures 8 . 6  for f % 3 ps, where 

again density in the 2He + Br2 region can only be found in the u — 2 channel and not in the u — 1 

channel. We may also draw the same conclusion that a sequential mechanism is in operation.

8.2.4 Conclusions

In this section we have considered the vibrational predissociation of Nc2Br2 and Hc2 Br2 . The 

lifetimes and resonance energies are larger for the Ne2 Br2 systems. We have found the disso

ciation to be comparable to that of Ne2 Cl2 and He2 Cl2 where the main vibrational product is 

the u — 2 channel. However experimental work on Ne2 Cl2 has shown a disagreement in the 

vibrational product distributions for u =  7. It might therefore be expected, considering the 

similarities between this system and that of Ne2 Br2 , that there would also be a corresponding 

discrepancy when compared with experiment. It has also been concluded from examination 

of the evolution of the probability density, for each final vibrational state, that both undergo a 

sequential mechanism. This conclusion was also drawn from the work on Ne2 Cl2 and He2 Cl2 .
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Figure 8.5: The probability densities at ( % 6 ps o f  the evolution o f  the wavepacket for the Ne^Br^ (v  — 7) 
propagation in the (a) r; — 1 and (b) v  — 2 vibrational channels.
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Figure 8.6: The probability densities at < sa 3 ps o f the evolution o f the wavepacket for the He2 Br2  { v  — 11)
propagation in the (a) r; — 1 and (b) v — 2 vibrational channels.
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Chapter 9

A2-BC Results

9.1 D2H F  und H2“HF

9.1.1 New Potential Energy Surface

The time-dependent calculations on D2 /H2 -HF use the potential energy surface expansion 

shown in Section 2.4.2. The expansion coefficients for the previous surface of Clary and 

K n o w l e s a r e  shown in Table 6.4 and were obtained from a least squares fit to ab initio 

points. In Table A .l on page 124 we show the calculated ab initio points for a new H2 -HF 

potential and also the least squares fit to those values. The biggest error between the ab initio 

points and the fitted potential is approximately 135 c m " \  but this is in the repulsive region of 

the surface where the potential is high. In the area of the minimum we find that the error is 

typically less than 1 0  cm"L

The coefficients obtained by fitting the new ab initio points to the potential energy function 

are shown in Table 9.1. The first point to note is that the dipole-quadrupole and quadrupole- 

quadrupole terms given by C213 and C2 2 4 , respectively are relatively close to those values ob

tained in the Clary-Knowles e x p a n s i o n . T h e y  obtained values of C213 =  0.142 ao and 

C224 =  —0.453 ao whereas our calculations gave C213 =  0.113 ao and C224 =  —0.417 ao. 

Therefore both values are slightly lower than the previous ones.

If we consider the minimum geometry of the surfaces we find that both have a T-shaped 

configuration such that 9\ = 90°, 6 2  = 180° and cf) — 0° (for description of coordinates see
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Table 9.1: Coefficients of the new potential energy surface expansion for H% + HF in atomic units

L  — 5 2̂ )^ bL CL riL
0 , 0 , 0 36.4 25.282 6

0 , 1 , 1 -3 .7 4 -0 .498 -3 .277 6

0 , 2 , 2 6.67 -0 .803 1.755 6

0 ,3 ,3 -7 .5 0 1.34 -0 .080 6

0,4 ,4 3.18 -0 .680 -0 .247 6

2 , 0 , 2 1 . 6 8 0 . 2 1 2 1.070 6

2,1,3 -0 .715 0.00772 0.113 4
2,2 ,4 1.63 -0 .243 -0 .417 5
2,3,5 -1 .5 6 0.263 0.961 6

2,4 ,6 0.601 -0.0809 -0 .282 6

Figure 2.3). However when the radial distance, R, of the minimum geometry is considered 

we observe that it is 5.42 uq for the new surface and 5.52 uq for the Clary-Knowles surface. 

The well depth of the new surface is 340.6 cm~' ,  which is 30 cm“ * higher than the previous 

surface which has a well depth of 311.9 cm“ ^ Another ab initio calculation of Bemholdt 

et. gave the minimum geometry as the T-shaped configuration but with a well depth of

only 306 cm“ ^ This means that our surface has a greater attraction between the dimers in the 

minimum geometry.

In Figure 9.1 we show different cuts through the new potential surface and for comparison 

we show the old surface of Clary-Knowles. If we first consider the cut through the new 

surface with R  — 5.669 ao, 6 \ =  90° and cj) = 0°, whilst 62  is varied, which is shown 

in Figure 9.1(a), it can be observed that the maximum value of the new surface occurs at a 

different angular geometry than that of the Clary-Knowles surface. We also observe that the 

new surface is relatively flatter in the 0 to 90° region than that of the other surface. The old 

surface has ab initio points at only three angular geometries in 6 2  which correspond to when 

the H atom of HF is either pointing towards or away from the H2 (i.e. 62  =  0° or 180°) and 

when the bond vector of HF is at right angles to the intermolecular bond, R  (i.e. 62  =  90°). 

However in the new ab initio calculations we have included two extra angular geometries such 

that 62  = 45° and 135°. The inclusion of these extra points has meant that the maximum value 

now corresponds to the F atom of HF pointing slightly towards the H] whereas previously the 

maximum occurred at 62  = 90°. We also have more spherical harmonic terms in the expansion
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and that might also suggest why the maximum occurs at a different position and why the new 

surface is relatively flatter.

The next cut through the surface we consider is with R  = 5.669 ao, ^ 2  =  180° and 4> =  0°, 

whilst 6\ is varied. This is shown in Figure 9.1(b) and it can be seen that the general form of 

the new potential is the same as that of Clary-Knowles. The major difference between them is 

that our potential is shifted slightly in value. This is because we have the same number of ah 

initio points in 0\ as the old surface with slightly lower values and would therefore expect a

100 500

50 400

5000

200-50
£

-100

-150

-200 -100

-250 -200
Present —  

Clary-K now les potential —

Present —  

C lary-K now les potential —
-300

-400-350
0 20 40 60 80 100 120 140 160 180 0 10 20 30 40 50 60 70 80 90

O i/ degrees 0 1 /  degrees

1000

800

600

E
400

Present —  

C lary-K now les potential —I  200

-200

-400
4 4.5 5 5.5 6 6.5 7 7.5 8

i? / a()

F ig u re  9.1: A cut through the H ^ H F  potential energy surface with (a) B. =  5.669 aa and 9\ — 90°, (b) R  =  
5.669 ao and 62 =  180°, and (c) 9\ =  90" and 9j =  180° whilst 0  =  0. For com parison the surface o f  Clary- 
K now les is shown also. The coordinates /?,, 9\ and 02 are those show n in Figure 2.3.
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similar curve to that obtained previously.

Finally we take a cut through the potential with 9\ =  90°, 6 2  =  180° and 0 = 0°, whilst R  

is varied. This is shown in Figure 9.1(c), and here we notice that, as mentioned, the minimum 

value is shifted to the left of the well in the Clary-Knowles surface. It is also observed that for 

small R  the new potential is shifted slightly but when R  is increased the curves come much 

closer together. The reason for the changes are that points near the minimum have lower values 

than those previously obtained and we have ab initio points at shorter radial distances. These 

two factors combined can explain the differences observed in Figure 9.1(c).

9.1.2 Lifetimes

The time-dependent methodology which we apply to the study of the VP of H2 -HF is that which 

is described in Section 4.6. The suitability of our time-dependent method was first examined 

by performing calculations using the existing potential surface of Clary and Knowles. The 

lifetimes obtained are shown in Table 9.2 and for comparison the previous theoretical results 

are included.

It is immediately obvious that the lifetimes of the H2 -HF complex are much longer than 

those of the D2 -HF complex, but they are all long, with the shortest on the order of nanosec

onds in length. The reason why H2 -HF lifetimes are much longer is because of the VP mech

anism which is taking place. There is a much greater energy release in the dissociation, but 

the vibration-to-rotation, translation (V-R,T) transfer is much less efficient than that of the 

vibration-to-vibration (V-V) transfer of the D2 -HF dissociation. This can be seen in Figure 9.2 

which shows the energy level diagram illustrating the larger energy release for H2 -HF. Consid

ering just the D2 -HF lifetimes it can be observed that the para lifetimes are longer than those 

of the ortho-T>2 -HP. We also notice for the H2 -HF complexes that the opposite case is found 

with the para having a shorter lifetime than the ortho-lÎ2 -HF.

The lifetime obtained for ortho-D2 -HF is 1.7 ns which compares well with both the pre

vious time-independent results and the time-dependent golden rule results. Surprisingly our 

result agrees more closely with the approximate golden rule method. The lifetime of para-D 2 ~ 

HF, when compared with the previous results are found also to agree and that our results agree



9. Ai-BC Results 11

more closely with the golden rule result. The lifetimes obtained for both Di-HF systems are 

quite long so when the theoretical value of ortho-Di-ll^ is compared with the experimental 

value of 1.4 ns it is remarkable that such a good agreement is found.

When we now compare the lifetimes of p«ra-H2 -HF with the time-dependent golden rule 

results we find that we obtain a good agreement, especially considering the extremely long life

time. The only experimental result available for Hi-HF is for the ortho case and has a value of 

27 ns, which differs significantly from the theoretical result of Z h a n g . W e  have not managed 

to obtain fully converged lifetimes for ortho-Wi-Vi^ because of the extremely long lifetime and 

high number of open rotational channels that would be required to obtain convergence. The 

time-dependent golden rule method is able to cope with ortho-Wi-WF because it considers only 

the final state interactions and therefore reduces the computational cost.

If we now consider the results obtained using the new surface, which are shown also in 

Table 9.2, there is relatively little change from those obtained with the old surface. Considering
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H 2 (v= I )  +  H F ( v= 0)  
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V-V
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D 2 ( v = 1 )  +  H F ( v = 0 )

(v = 0 )

D, /H2 + HF
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Figure 9.2: Energy level diagram illustrating the intramolecular vibrational states of D2-HF and H2-HF. The D2-HF 
(r; =  1) complex predissociates via an efficient V-V channel that yields D2 (v =  1) + HF (u =  0) products, while 
the H2-HF =  1) complex decays via a V-R,Tmechanism to give H2 {v =  0) + HF (v =  0). (A| =  956 cm"' and 
A2 =  3950 cm"')
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Table 9.2: Vibrational predissociation lifetimes of D2-HF and H2-HF in ns

System
Clary-Knowles Potential New Potential

Experiment^ Clary" Zhang" Present" Present"
orf/io-D2 -HF 1.4 1 . 2 1 . 6 1.7 1.9
para-D 2 -HF — 7.3 1 0 . 2 1 0 . 0 17.8

para-H 2 -HF — — 600 550 500
ortho-lÎ2 -ÜP 27 — 1600 _ e _e

“ The D2-HF result is from Ref. [128] and the H2-HF result is from Ref. [133].
 ̂From Ref. [127].
 ̂The D2-HF results are from Ref. [130] and the H2-HF results are from Ref. [132].
From Ref. [208]

® Fully converged values could not be obtained due to the long lifetime.

first the o r th o -D i-^  results we obtain a lifetime using the new surface of 1.9 ns and therefore 

there is only a difference of 0.2 ns with that obtained using the Clary-Knowles surface. A 

larger discrepancy is found for pam -D 2 -HF in which there is a change of 8  ns but this is still 

moderately small considering the scale of the lifetimes.

For both D2 -HF systems we therefore observe a slight increase in the lifetime. However, 

when /7flra-H2 -HF is considered a decrease is found. Originally we obtained a lifetime of 

550 ns, which compared very favourably with the previous result of Zhang, but using the new 

surface we obtain a value of 500 ns. Again we must comment on the fact that this change 

is relatively small and is not as large as might be expected. A larger decrease would have 

shown that the inadequacies in the potential energy surface were responsible for the large dif

ference between theory and experiment. However the results we obtain heavily suggest that the 

modifications and improvements we have made to the potential energy surface do not give the 

required reduction in lifetime.

9.1.3 Rotational Product Distributions

We first obtained rotational product distributions using the surface of Clary-Knowles. Due to 

the long lifetimes we found that only orr/zo-D2 -HF could be fully converged and this is shown 

in Figure 9.3(a). Here we can see that the main peak is at j 2 = 4, j‘2 =  3 and that there is also 

a series of peaks corresponding to j i  = 2  with j 2 =  1 , 2 , 3  and 4. If the distributions obtained
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by C l a r y u s i n g  a time-independent method, are compared with ours we find a very good 

agreement.

In Figure 9.3(b) we show the rotational product distributions obtained with the new surface 

and for comparison the distributions obtained with the Clary-Knowles surface are shown also. 

The differences between the two distributions are very small and the general features of the 

distributions do not change. The series of peaks where j i  = 2 ,  j 2 =  3 and 4 are slightly 

increased and as a consequence the maximum at j ]  =  4, =  3 is slightly reduced.

Experimental rotational product distributions have also been obtained by Bohac and Miller. 

These can be seen in Figure 9.3(c) and when compared with the present results for the new sur

face we find that there is a reasonable agreement. For example, the maximum peak in both is 

at =  4, j 2 = 3. The experimental values for j \  — 1, =  3 and j] = 2 ,  =  5 also appear

to be in general agreement with theory.

9.1.4 Conclusions

Overall we have been able to reproduce the previous theoretical results of Clary and Zhang, 

using the time-dependent method and the Clary-Knowles surface. However, when we used the 

new potential energy surface which is based on a more elaborate fit to more accurate ab initio 

points, we do not obtain any significant differences when compared to that of the old surface. In 

particular the lifetimes of H2 -HF do not decrease significantly and therefore we still have a large 

disagreement with the experimental result for that system (although the calculated lifetimes 

agree well with experimental results for D2 -HF). It was thought that the short range part of the 

Clary-Knowles potential was over simplified and that including more ab initio points within 

this region would improve the agreement. We have not only included these points but also extra 

ab initio points in the HF angle and more spherical harmonic terms in the potential expansion. 

All of the above have failed to improve the agreement between theory and experiment. This 

may suggest that either the improvements made were not sufficient to gain agreement or the 

regions improved are not responsible for the disagreement. We note that the linewidths for 

H2 -HF are very narrow and hence difficult to extract from a frequency resolved experiment.

To conclude, we have extended the previous potential energy surface of Clary-Knowles and
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using our time-dependent method we have found that this new surface does not significantly 

alter lifetimes or rotational product distributions. We obtain a good agreement with the exper

imental lifetimes and rotational product distributions for D2 -HF but find that there remains a 

large discrepancy for H2 -HF.
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Figure 9.3: Com parison betw een the rotational product distributions for orf/to-Do-HF obtained (a) by C lary‘S’ 
using the C lary-K now les surface and our time-dependent m ethod using the sam e potential, (b) from our m ethod  
using the C lary-K now les surface and the new surface, and (c) from experiment'^^ and our m ethod using the new  
potential.
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9.2 D2-OH and H2-OH

9.2.1 Lifetimes

Recent experimental studies have focused on the dissociation of the H2 -OH complex.

These complexes may either decay via vibrational predissociation or a reactive decay chan

nel. The aim of the experimental work has been to gain an understanding of the dynamics of 

these complexes so that favourable geometries for inducing chemical reaction might be found. 

These experimental studies have considered the complexes D2 /H2 -OH (uqh =  2) and H2 - 

OH (uh2 =  1). Theoretical calculations using a time-dependent method have therefore been 

performed on these complexes so that a comparison can be made with experiment. The time- 

dependent method used is the same as that applied to the H2 -HF system and therefore does 

not allow for the possibility of reaction. This is because the potential energy surface does not 

include the reactive channel and the time-dependent methodology does not allow for the H2 

bond to be broken and subsequently the formation of H2 O. However, these calculations can 

be useful in determining the influence of the reactive channel on the dissociation dynamics. 

The vibrational predissociation process in the theoretical calculations for the OH vibrationally 

excited complexes, can be given by

D2 -OH('Uoh =  2) — )■ D2 {v =  1) -1- OH(u =  1) (9.1)

and

H2 -OH(uoh =  2) — > H2 (u =  0) -|- OH(u =  1). (9.2)

Whereas the vibrational predissociation of the H2 vibrationally excited complex is modelled 

by

H2 -OH(uh2 — 1) —  ̂H2 (u =  0) -|- OH('y =  1). (9.3)

The experimental studies initially considered D2 -OH and H2 -OH complexes in which the 

OH bond is initially vibrationally excited. A diagrammatic representation of the decay of D2 - 

OH and H2 -OH (uqh =  2) is shown in Figure 9.4. Here we see that the D2 -OH (uqh =  2) 

complex may decay by an efficient V-V mechanism whilst the H2 -OH (uqh =  2) complex
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dissociates by a relatively inefficient V-R,T mechanism. From the previous work on Dz-HF and 

H z-HF in Section 9.1 it might be expected that the lifetimes for the Dz-O H  complex will be 

shorter than those of the Hz-OH complex. The vibrational predissociation lifetimes of Dz-O H  

and Hz-OH are shown in Table 9.3. The lifetimes obtained for Dz-OH are shorter than those 

obtained for Hz-OH, because the Dz-OH systems have a more efficient V-V mechanism which 

minimizes the amount of translational energy going into the products.

In the Dz-OH systems we observe that the para species is shorter lived than that of ortho- 

Dz-OH. Comparing this with D z-H F we find that the opposite order is obtained. When we 

also consider the two Hz-OH systems we find that the para lifetime is longer, which is again 

the opposite to that found in Hz-HF. The reason for this can be understood by considering the 

rotational product distributions of the Hz, OH diatoms and will be discussed in Section 9.2.2.

If we compare the lifetimes obtained in our calculations with those obtained experimentally

7500

E 5000

2500

H 2 ( v = 1 )  + OH  ( v = l )

(Vq h - 2 )

R.XI, v - p  M l ___________  ^ 2 V -R J  ' Rxn

-

D 2 ( v = 1 )  +  O H  ( v = 1 )

-

H 2 ( v = 0 )  +  O H  ( v = 1 )

(v = 0 )

~ 2 OH D 2 /H 2 + O H h IOH

Figure 9.4: Energy level diagram illustrating the intramolecular vibrational states o f  D 2-OH and T he VP
o f  the D 2-OH (uoH =  2) com plex proceeds via an efhcient V-V m echanism  to give products D2 (v — 1) +  OH  
{v =  I). However, the H2-OH (r;ou =  2) decays via a V-R,T m echanism  thats yields H2 (r; =  0) + OH (w =  I) 
products. The vibrationally activated com plexes also contain sufficient energy to surmount the barrier to reaction  
(R.xn). (A| =  410 cm "' and At =  3400 cm "' )
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Table 9.3: Vibrational predissociation lifetimes of D2-OH and H2-OH in ns.

System Experiment^ Present^
ortho-D2 0 Yi (%0 H = 2 ) > 0.05, <  5 1 . 6

para-D2 0 Yi (%oH = 2 ) > 0.05, <  5 0.15

para-Y[2 0 Yl (tjqh = 2 ) _b 1700
ortho-Yl2 0 R  (uqh = 2 ) 115±26 2 1 0

ortho-Yi2 0 Y[ = 1 ) <  7 2 2

® From Ref. [140] except for ortAo-HzOH {v\\̂  =  1) which is from Refs. [141,142].
‘’ Not observed.

by L e s t e r ^ w e  find good agreement. For ortho -D i-^^  the experiments can only give an upper 

and lower boundary for the lifetime of 0.045 and 5 ns respectively. The lifetime we obtain falls 

within those boundaries. Similarly for para-D 2 -OH the lifetime obtained from the experiment 

has the same upper and lower boundary, which our theoretical result falls within. In the H2 - 

OH systems the experimental work only observes the ortho parity. The lifetime we obtain 

for the ortho-Yij-OYi complex is twice that obtained in the experiment. Considering that the 

lifetime is long we feel that this shows a good agreement. However, one must consider the 

approximations in the theoretical calculation. We do not consider the open shell nature of the 

system, and the potential energy surface and the time-dependent methodology do not include 

the reactive decay channel. However, the close agreement between experiment and theory 

suggests that the reactive region of the potential energy surface does not strongly influence the 

vibrational predissociation process studied here.

Experimental studies have also considered the initial vibrational excitation of H2 in the 

ortho-Y{2 -OYi complex. The energetics of the ortho-Y{2 -OY{ {vy{̂  =  1) complex is shown in 

Figure 9.5. It can be seen that it either decays via a F-V channel to produce H2 (î; =  0) -1- 

OH {v = 1) or dissociates via a reaction to form H + H2 O. For comparison the ortho-Y{2 -OY{ 

(voH =  2) complex is shown also. We have also performed calculations on the ortho-Yl2 -OYl 

=  1 ) system and the lifetimes are shown in Table 9.3. It can be seen that the lifetime 

obtained is ten times less than that of ortho-Y[2 -OY[ (%oH =  2). The reason for the shorter 

lifetimes is because the V-V mechanism of the — 1 system is more efficient that of the V- 

R, T  mechanism in the vqh =  2 system. This was also why the the D2 -OH systems have shorter
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lifetimes than H2 -OH with ijqh =  2 because the D2 -OH systems have a V-V mechanism of 

dissociation. When experimental lifetimes are considered, shown in Table 9.3, we find that 

there is a 16 fold decrease between the lifetimes of ortho-Hj-OH (?;oh =  2) and ortho-H2 ~OH 

(•uh2 =  !)■ However, theoretical lifetimes show a 10 fold decrease. It should be noted that 

the experimental results contain contributions from the vibrational predissociation and reactive 

mechanisms whilst theory has only vibrational predissociation. This discrepancy might be the 

result of enhancement to the reactive channel. Previous work on the H2 + OH reaction has 

shown that whilst the excitation of the OH ‘spectator’ bond has only a small effect on reaction 

rates, excitation of the H2 increases rates s i g n i f i c a n t l y . S o  if there was an increase in 

reaction the experimental lifetimes would decrease and result in an increased degree of mode 

selectivity.

7500

E 5000

2500

(Vu =1)

Rxii t V-V

V-RJ

H 2 ( v = o )  +  o h  ( v = i :

HlOH

(v=0) 
H2 + OH

=2)
Rxn

H2OH

Figure 9.5: Energy level diagram illustrating the intramolecular vibrational states of Hi-OH. The H2-OH =  
1) complex predissociates via an efhcient V-V mechanism to give products H2 {v =  Ü) 4- OH {v =  1). For 
comparison the H2-OH (uon =  2) complex decays via a V-R,T mechanism to yield the same products. Note that 
both vibrationally activated complexes also contains sufhcient energy to surmount the barrier to reaction (Rxn). 
(A| =  590 cm"‘ and A2 =  3400 cm"')
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9 . 2 . 2  R o t a t i o n a l  P r o d u c t  D i s t r i b u t i o n s

The rotational product distributions have only been obtained for the D2 -OH (uqh =  2) and 

ortho-\\2 -OH (î;h2 =  ! ) complexes because the lifetimes of the Hi-OH (uqh =  2) systems 

are extremely long and therefore converged distributions could not be obtained. However, 

experimental distributions have been obtained for both D2-OH and H2 -OH. In Figure 9.6 we 

show the experimental rotational product distributions of para-Di-OW. In the experiments only 

the OH is probed and the H2 is therefore assumed to have =  1. It can be seen that it has a 

very simple structure compared with that of D2 -HF.

When the experimental pani-D2 -0 \\  distributions are compared with the theoretical ones, 

shown also in Figure 9.6, they agree qualitatively. For the theoretical distributions the main 

peak is the product nearest to resonance, and this is also true for the experimental results. 

However, in the theoretical distributions we also find a secondary peak at lower energy, which 

is not observed experimentally.

When product distributions of ortho-D2 -OW are considered we find that again the main 

product is that nearest to resonance. For both D2 -OH complexes this means that only a small 

amount of energy goes into product translation, so the energy difference between products and 

reactants is minimized. We also observe that in para-D2 -OW the energy difference between

1.0

Theory

Experiment

0.5

O' -*6-

Figure 9.6: Probability of particular OH (w =  1, 
J o h )  +  D 2  ( v  =  1, J D 2 )  product channels for 
para-Di-OH {vqh =  2) as a function of the rota
tional energy of the products. Note the OH ro
tations were modelled in the calculations with 
closed-shell rotational quantum numbers so the 
theoretical and experimental energies are not the 
same.

0 250 500 750

Fragment Rotational Energy (cm ' )
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the main rotational product channel and the resonance is smaller than for orrAo-Di-OH. The 

dissociation process of para-Di-OH is therefore more efficient so it has a shorter lifetime than 

orfAo-Di-OH. This is also related to why the H2 -OH lifetimes are much longer because the V-V 

process of D2 -OH is much more efficient than the V-R,T process of H2 -OH, which has a larger 

energy release.

Product distributions have also been obtained for the vibrational predissociation of ortho- 

H2 -OH (VH2 =  1 ) which is shown in Figure 9.7. It is found that OH fu == 1) is produced in 

only a few rotational states with H2 (u =  0) found only in its lowest rotational state. However, 

the main rotational product is not the one closest to resonance and that the highest energeti

cally allowed OH rotor state is not significantly populated. A qualitative comparison between 

experiment and theory can also be performed and it is found that in the experimental results 

the highest energetically allowed rotational state of OH is also not significantly populated. It 

should be noted that the average rotational energy release going into the products differs con

siderably for experiment and theory, 300 cm "' vs. 80 cm " ', respectively. This may explain 

why the theoretical lifetimes are longer than those of the experiment, because in the experi

ment there is less energy going into translation. This means that on the energy gap rationale 

the experimental lifetimes should be shorter.

0.6

Theory

Experiment

0.3

0
200 400 600 8000

Figure 9.7: Probability of particular OH (u =  1, 
jou) + H2 (u =  0, JH2) product channels for 
oriho-Hi-OH (uy, =  1 ) as a function of the rota
tional energy of the products. Note the OH ro
tations were modelled in the calculations with 
closed-shell rotational quantum numbers so the 
theoretical and experimental energies are not the 
same.

Fragment Rotational Energy (cm  ' )
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9.2.3 Conclusions

We have performed the first theoretical treatment of the vibrational predissociation of D2 -OH 

and H2 -OH. Comparison with recent experimental work shows good agreement for the sys

tems initially having -uoh =  2. This includes not only lifetimes but also rotational product 

distributions in which we obtain a good qualitative agreement. We therefore believe that the 

experimental process is that of vibrational predissociation and that the contribution from the 

reactive decay mechanism is not significant for systems in which i^oH =  2 .

Theoretical calculations has also been performed on the ort/io-H2 -OH (uhj =  1) complex 

which have shown that the lifetimes for this complex are significantly shorter than those of 

ortho-Ri-O R  (uqh =  2). This is because the efficient V-V channel is open for ortho-Rj-OB. 

(uh2 =  1) but closed for ort/zo-H2 -OH (uqh =  2). Experimental lifetimes for orf/zo-H2 -OH 

(uHz =  1) are also significantly shorter than those of orr/zo-H2 -OH ( u q h  =  2). However, we 

are still unable to determine how much of an effect the reactive regions of the potential energy 

surface influences the dissociation dynamics. The theoretical calculations performed do not 

allow for the possibility of reaction whereas the experiment does not provide information on 

the separate vibrational predissociation and reactive decay rates. What is known is that the rate 

of the H2 + OH reaction is significantly enhanced by the vibrational excitation of H2 and not 

OH. We might expect a similar enhancement for the H2 -OH entrance channel complex with 

H2 vibrationally excited. Therefore, further experimental and theoretical work is required to 

obtain a clearer picture of the dissociation of the complexes formed by H2 and OH.
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Chapter 10

Conclusions

This thesis describes how the vibrational predissociation of weakly bound van der Waals 

molecules can be treated using time-dependent quantum mechanical methods. In particular 

it has been shown that the symplectic integrator propagation scheme is an effective method for 

directly solving the time-dependent Schrddinger equation. We have also demonstrated that the 

particular methodology we employ, a basis set expansion coupled with the Fourier method, is 

suitable for systems in which only one or two bonds are broken in the fragmentation process. 

This method assumes that only the weak van der Waals bonds are broken and only one or two 

quanta of vibrational energy are transfered. The lifetimes of the van der Waals complexes stud

ied can be extremely long, but we have illustrated that Prony’s method of spectral analysis is 

capable of extracting lifetime information from the autocorrelation function. Prony’s method 

is able to do this efficiently and requires propagation times significantly smaller than the actual 

lifetime. We have also shown that the product vibrational and rotational product distributions, 

where appropriate, can be calculated.

We have applied these methods to a number of different three and four atom systems. In the 

triatomic systems studied we found a good agreement with previous experimental and theoret

ical work. The first time-dependent studies on the VP of HeBr2 have been performed and ex

cellent agreement with previous work is found. From examination of the evolving wavepacket 

we were able to show the origin of the bimodal structure in the rotational product distribu

tions. We have also studied four-atom systems where there are two rare gas atoms which can
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be considered an extension of the three-atom systems we have studied. Even though these 

calculations were reduced dimensionality studies we were able to determine that a sequential 

mechanism appears to be taking place in all the four-atom systems studied. These systems 

included Ne2 Cl2 and He2 Cl2 , which have been previously studied by Le Quéré and Gray. We 

have also performed the first studies on the Ne2 Br2 and He2 Br2 systems.

Full six degrees of freedom studies on the vibrational predissociation of H2 -HF have shown 

a good agreement with experimental lifetimes and rotational product distributions for D2 -HF 

(r  =  1) but a disagreement with experiment for orf/zo-H2 -HF. To improve upon the agreement 

a new potential energy surface was developed which includes more ab initio points at shorter 

range and more angular geometries. In the fitting of the potential surface more spherical har

monic terms were included. However, the agreement between theory and experiment was not 

improved.

We have also performed the first theoretical study of the vibrational predissociation of H2 - 

OH and when the initial metastable state contains OH preferentially excited we obtain a good 

agreement with experimental lifetimes. This suggests that the reactive decay mechanism is not 

significant when the OH is preferentially excited. However, when the H2 was excited initially 

we found a larger discrepancy between our calculated lifetimes and experiment. Rotational 

product distributions were also only in qualitative agreement. This suggests that the reactive 

channel may have a stronger influence in this system. To fully understand the dissociation 

dynamics and the influence of the reaction channel, experiments would need to be performed 

in which the H or H2 O reaction products were detected. It would also be advantageous to 

perform quantum dynamical calculations on a reactive potential energy surface. With the re

cent increases in computational power and advances in quantum scattering theory of four-atom 

reactions this may soon be possible.

In conclusion, we find the time-dependent wavepacket approach to studying vibrational 

predissociation is competitive with other techniques. It is a rigorous technique for testing 

potential energy surfaces against experimental data even for four-atom systems. In addition, 

the method has the advantage that it can sometimes provide a picture of the predissociation 

process in real time and hence explain the detailed mechanism of vibrational predissociation.
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Appendix A

New H2-HF A b  I n i t i o  Points

Table A.l: Ab initio and fitted points of the new H2-HF potential energy surface in cm '.

Ô2 01 R{ao) A b  initio Fit
0 0 4.157 1412.425 1411.407
0 90 1124.266 1106.557

180 0 7454.875 7531.038
180 90 1569.018 1704.954

90 0 1497.478 1524.880
90 90 1523.795 1547.101
45 0 1442.363 1485.815
45 90 1387.595 1408.553

135 0 2939.256 2995.006
135 90 1603.414 1618.452

0 0 4.535 486.956 481.261
0 90 464.324 457.661

180 0 3458.809 3473.899
180 90 305.240 289.626

90 0 571.091 568.529
90 90 704.319 699.575
45 0 505.788 507.999
45 90 619.721 621.964

135 0 1397.413 1403.373
135 90 603.204 605.904
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Table A.l: Ab initio and fitted points of the new H2 -HF potential energy surface in cm ‘ (Continued).

92 9i R{ao) A b  initio Fit
0 0 4.913 86.392 86.311
0 90 172.220 171.558

180 0 1652.388 1645.906
180 90 -1 8 7 .5 6 9 -2 0 7 .6 3 9

90 0 150.992 148.740
90 90 310.731 305.398
45 0 93.039 92.143
45 90 262.672 261.551

135 0 643.842 641.495
135 90 154.785 157.505

0 0 5.280 -6 5 .8 5 2 -6 3 .2 8 0
0 90 52.993 53.557

180 0 834.958 833.040
180 90 -3 3 1 .8 9 8 -3 3 3 .7 4 8
90 0 -1 9 .2 6 1 -1 8 .0 3 5
90 90 131.300 129.328
45 0 -6 6 .8 1 1 -6 5 .6 3 3
45 90 106.190 104.454

135 0 296.294 292.051
135 90 - 2 4 .8 2 8 -2 2 .5 0 8

0 0 5.669 -1 1 4 .4 8 8 -1 1 2 .1 4 2
0 90 5.129 4.817

180 0 428.940 434.194
180 90 -3 3 5 .4 5 5 -3 2 5 .6 1 0

90 0 - 8 1 .3 7 0 -7 8 .6 7 2
90 90 45.943 46.268
45 0 -1 1 9 .2 5 7 -1 1 7 .2 4 5
45 90 35.475 33.256

135 0 129.449 122.462
135 90 -8 9 .4 9 2 - 8 9 .0 0 0

0 0 6 J 3 6 -1 1 0 .3 7 0 -1 0 9 .9 3 2
0 90 -1 0 .2 9 1 -1 2 .3 1 9

180 0 193.827 200.466
180 90 -2 5 8 .9 0 9 -2 4 7 .2 4 7

90 0 -8 8 .0 1 3 - 8 6 .1 2 0
90 90 3.442 4.517
45 0 -1 1 5 .9 4 1 -1 1 4 .8 7 2
45 90 3.429 0.587

135 0 4.011 33.036
135 90 -9 5 .8 2 1 -9 8 .1 5 9
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Table A.l; Ab initio and fitted points of the new H2 -HF potential energy surface in cm '' (Continued).

02 01 R{ao) Ab initio Fit
0 0 6.803 -8 5 .8 3 9 -8 6 .5 9 8
0 90 - 7 .8 7 3 -1 0 .6 8 3

180 0 112.564 114.726
180 90 -1 7 9 .1 0 9 -1 7 2 .2 2 1

90 0 -6 8 .2 3 3 - 6 7 .9 5 4
90 90 -5 .1 4 3 - 4 .5 6 3
45 0 -8 9 .9 5 0 -9 0 .1 1 3
45 90 -1 .3 3 6 - 4 .3 4 0

135 0 23.045 10.424
135 90 -7 4 .9 5 1 -7 8 .8 1 8
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