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INTRODUCTION CHAPTER 1

Dissociation is one of the basic reactions in chemistry: to form a

new bond, often an existing one has to be broken first. For a good

insight into mechanisms of chemical reactions, detailed knowledge

of the energetic and dynamic principles governing dissociations is

therefore necessary. The work presented in this thesis is devised to

yield such knowledge of unimolecular dissociative processes in

polyatomic systems.

In this introductory chapter, we will discuss briefly which para-

meters are of interest for the description of a dissociation, and how

they can be determined. The position of our work in chemistry and

physics is sketched. The tools for the interpretation of the experi-

mental results will be introduced. A short overview of charge ex-

change of polyatomic molecules is given. The statistical theory for

the description of unimolecular dissociations is discussed, in which

the so-called transition state plays a central role. Emphasis will be

laid on the calculation of the fragment translational energy distribu-

tion, since this is the important observable in our experiments.

DISSOCIATION EXPERIMENTS
In the dissociation of an N-atomic molecule into two poly-

atomic fragments, the number S of the internal degrees of freedom
is lowered from 3N-6 to 3N-12. The remaining six are converted
from internal to external degrees of freedom. They correspond to
six conserved quantities in die motion of the separated fragments:
three assure the constant motion of the center of mass (momentum
conservation), three assure that total angular momentum J is con-
served. Since the fragment distance is not restricted any more,
energy can reside in the mutual fragment translation (the "kinetic
energy release', denoted by Eg in this thesis). In a unimolecular dis-
sociation, the reactant energy E is used to dissociate a bond, excite

DISSOCIATION EXPERIMEOTS



Figure 1.1

Partitioning of internal
energy in the unimolecular
dissociation of a polyatomic
molecule. In the transition
state the excess energy
E*= E-Do is available for
translational energy Edand
internal energy Emofth*
remaining molecule. The
picture represents one of
the possibilities for dividing
E* between EdandEminthe
transition state, leading to
the kinetic energy indicated
on the energy scale at the
right hand side. AS is the
reactant, AB*the transition
state and A+B are the
separated fragments. In the
figure we assume that only
the electronic ground states
of reactant and products
are populated. Zero point
energies are neglected.

the fragments, and give them kinetic energy (we neglect the energy

of a possibly emitted photon). In figure 1.1 we show schematically

this partitioning of internal energy E in a unimolecular fragmentati-

on into bond dissociation energy D o and 'excess energy' E$, and the

further partitioning of E* into fragment translational energy £d and

rovibrational energy E m in the remaining degrees of freedom. We

mention for completeness the possibility of a barrier in the reaction

path along which the system proceeds. This barrier leads, in the

outgoing reaction, to an activation energy which is larger than D o

and in the reverse (association) reaction to the 'reverse activation

energy'.

reactant
energy

kinetic
energy
release

E*
e d

ed
-1-0

Do

reaction
AB AB* A+B coordinate

In an ideal dissociation experiment, all degrees of freedom of
the reactant are choaen and those of the products are measured.
From this interconnection between the quantum numbers of reactant
and products the principles ruling the reaction can be distilled.

In real experiments, the complexity of the molecule makes that
only part of this is achieved. For small molecules, and under fa-
vorable conditions, die distribution of energy over internal (=elec-



ENERGY DISTRIBUTION IN DISSOCIATIONS OF POLYATOMIC MOLECULES CHAPTER 1

tronic, vibrational, rotational) and external (=translational, rota-
tional) fragment degrees of freedom can be completely determined
in state-to-state experiments. Detailed potential surfaces of the dis-
sociative electronic states can b? constructed from these data.}

If larger molecules are studied, two consequences arise, the ef-

fects of which enhance each other the number of dissociation path-

ways and the number of quantum states in the reactant and the frag-

ments increase with molecular size. Preparation of the reactant and

determination of fragment identity and state is required with high

resolution. More combinations are possible of quantum numbers in

reactant and precursor. There are many separate state-to-state cross

sections necessary for the complete determination of a dissociation

reaction. The intensity is distributed over all these channels - high

sensitivity is required for the measurement Since high resolution

and high sensitivity in one instrument are difficult to achieve, trade-

offs have to be made between die quantities that one wishes to

measure.

1 Several reviews can be
found in Molecular
Photodissociation
Oyiuuidcs' .MMAshfold
andJ£. Baggott (eds),
The Royal Society of
Chemistry, London
(1987)

In experiments with polyatomic molecules, die most important
parameter to determine is die identity of reactant and fragments.
Once this is accomplished, knowledge of reactant energies and
fragment energies is of equal importance. Experimentally, large
numbers of well-known reactant molecules with well-defined ener-
gy can be produced relatively easy from ground state reactants at
high density. Much more experimental effort is needed to identify
die fragmcuts and to measure their internal and kinetic energies.
This determination of identity and energy has to be simultaneous.
At the same time, high sensitivity is needed for several reasons: the
number of fragments usually is lower than die number of reactants,
because not each excited reactant necessarily dissociates. Further-
more, the density of fragments will be lowered due to their transla-
tion. Finally, as mentioned above, the fragmentation events are
distributed over many dissociation channels.

DISSOCIATION EXPERIMENTS
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The experimental techniques most commonly used to investi-
gate unimolecular dissociations are irradiation with laser light and
mass spectrometric methods. With photons one can, for instance,
on the 'reactant side' of the reaction populate selectively dissocia-
tive neutral or ionic states by (multiphoton)dissociation and -ioniza-
tion 2 and, on the 'fragment side', determine the internal state and
possibly the identity by laser induced fluorescence. Most reported
experiments 3 however make use of mass spectrometry for frag-
ment detection, due its high sensitivity and power to identify
compounds. Mass spectrometry is suited for measuring the kinetic
energy release: a large field of research is the determinatica of
kinetic energy releases in die unimolecular dissociation of organic
ions. 4-s

In the experiments described and discussed in this thesis unimo-
lecular dissociations of polyatomic molecules are studied by
measuring the kinetic energy and mass of the fragments. The
systems under study are ions neutralized by alkali atoms. Therefore
their internal energy is high, and the spread in internal energy is
low. The mass resolution both in the selection the precursor ion and
the determination of the fragment mass allows measurements of re-
actants with masses up to lOOu.

STATISTICAL THEORY
The unimolecular fragmentation of large molecules has been

the subject of theoretical effort since a long time. The central idea
in its explanation is the existence of a metastable state from which
the molecule dissociates. The lifetime of this state allows the re-
distribution of internal energy towards an equilibrium state before
fragmentation. A detailed description of this intramolecular re-
distribution mechanism is impossible for systems consisting of
more than a handful of particles. Therefore one resorts to a global

10
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description by a statistical theory - the so-called 'quasi equilibrium
theory1 or'QET.

For a statistical model, two conventions are essential: one is the

definition of a state of the system, the other is the law governing the

distribution of the system over its possible states. In the theory of

unimolecular fragmentations, a system state is described by its cor-

responding set of vibrational quantum numbers. The distribution

law reflects the lack of knowledge about what is going on inside the

excited molecule: all possible states are simply given the same pro-

bability - this 'prior distribution' is the quasi equilibrium hypothesis.

Energy is the only parameter for the characterization of a system.

The dissociating state ('transition state1) usually is assumed to have

the same structure and properties as the reactant, with only the dis-

sociating bond being different. In spite of this simple approach of

the QET to neglect all details, it calculates successfully rate con-

stants of large molecules which are not amenable to any other treat-

ment At the same time this approach makes the theory unsuited for

the detailed description of intramolecular processes. Alternatives

for these simple assumptions can be introduced with the aim of de-

scribing better certain aspects of a fragmentation. The approxima-

tion for the structure of the transition state can be improved. From

this structure, more realistic vibrational modes and frequencies and

thus rate constants can be calculated. The constants of motion in a

dissociation can be taken into account. Extensions of the QET,

which incorporate conservation of angular momentum 3, have been

published and are usually named 'phase space theory*.6 Not all in-

ternal degrees of freedom are of equal importance for all reactions

and therefore an 'effective number* has been introduced, which is

lower than S=3N-6.7-8

In QET it is assumed that the rate of electronic internal conver-

sion is faster than the rate for vibrational energy redistribution,

which in turn is faster than the dissociation rate. This implies that

the only electronic state involved is the ground state. This assump-

6 G.Worry and
RAMarcus.J. Chem.
Phys.67(1977) 1636

7 WAJorst.Thearyof
Unimolecular
Reactions', p. 77.
Academic Press, N.Y.
(1973)

8 YUlinand
B.SJtabinovitch,J.
Pkys.Chem.74 (1970)
1769

STATISTICAL THEORY 11
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Elsevier, Amsterdam
(1972)
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OXMce.J.Phys.
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tion is not necessarily true, since electronic internal conversion can
be inefficient, particularly in small molecules. Observations that
deviate from the statistical hypothesis are often ascribed to such
'isolated states'. 4& If such a state is bound, it stores energy which
consequently does not contribute to the dissociation of bonds: the
unimolecular lifetime is increased. This case can still be treated by
a statistical model. However, if such an isolated state is dissociati-
ve, the fragmentation mechanism resembles the fragmentation of re-
pulsive states in diatomic molecules. The situation is at variance
with the basic concept of energy redistribution. We shall discuss
this in more detail below.

KINETIC ENERGY RELEASE DISTRIBUTION
In this paragraph, we will illustrate what can be learned from

the distribution of kinetic energy release. We will denote by ed the
kinetic energy and by P(£(j) fts distribution function. P(£d) can be
calculated for a dissociating molecule which behaves according to
the quasi equilibrium hypothesis. Assumptions are made about the
dissociation mechanism and thus about the conversion of internal
energy into kinetic energy; these assumptions are incorporated in
the equations. Energy is explicitly conserved in the calculation, but
angular momentum") is not. The neglect of the conservation of 3
leads, in the case of unimolecular (=low J) dissociations to small er-
rors at low £d-values, which become even smaller at higher £d.

We consider a system with S degrees of freedom. The frequen-

cies of the slightly coupled oscillators are denoted Vj. The number

of states with total energy less than or equal to E is given by: 1 0

W(E) = (1.1)

12
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and the number of states N(E) with energy between E and E+dE is

given by N(E) = p(E)dE = (dW/8E)dE, with p(E) the density of

states, h is Planck's constant The number of system states leading

to dissociation with kinetic energy release 8d is denoted N*(E$; £d),

and the superscript '$' indicates properties of the transition state. In

the transition state, the dissociating bond is not bound any more -

this degree of freedom loses its meaning, and W$, N* and p* are

therefore defined for S-l degrees of freedom. From Levine and

Bernstein 1] we know that the rate of passage through the transi-

tion state is independent of Ed. Therefore the probability of a cer-

tain value Ed of the kinetic energy release is given, without further

correction, by the number of states N*(E*; Ed), normalized by the

total number of states:

(1.2)
N(E)

We neglect the normalization factor N(E) from now on. The most

simple model of the dissociation is that the stretching motion in the

dissociating bond (labeled by the index 'S') is fully converted into

fragment translation. This leads to the relations Eg= Ed and

P( Ed) ~ N*(E*; £d) « N*( E*-Es) ~ <E*- fi/"2 (1.3)

In figure 1.3A the shape of equation (1.3) is shown. The simple
model just sketched represents a one-dimensional dissociation pro-
cess. Only one internal molecular motion is convened to fragment
translation.

An obvious extension of this simple dissociation model is the
inclusion of bending motions into the mechanism. This can be con-
sidered a two-dimensional process. As indicated in figure 1.2B,
such a bending motion will upon dissociation lead to rotation and
translation of the fragment The bending mode is labeled'S-l'. We
assume for simplicity that Ed is the sum of the beading and

KINETIC ENERGY RELEASE DISTRIBUTIONS

RX>Mevineand
RJDSernstein,
Molecular Reaction
Dynamics and Chemical
Reactivity', p.184,
Oxford University
Press, Oxford (1987)

13
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Baggott (eds).The
Royal Society of
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(1987)

12 R.Schinke.Comm.At.
Mol. Phys. 23 (1989)
15

streching energy: e^Eg.j+Eg. Then, for each value of the bending

energy Ec x, the corresponding number of states N*(E*; Eg^; ed)

equals N % * -E^ -E s ) = N*(E* -8d). In this case N*(E*; E s . , ; £d) is

defined for S-2 degrees of freedom, since E s j is fixed. P(£d) is

found by summation over all possible values of E S 1 :

N*(E*-£d) (1.4A)

Figure 12

Model of (A) one-
dimensional and (B) two-
dimensional dissociation.
(A): the stretching i.iotion
of the two polyatomic
fragments is converted into
translational energy on
dissociation. (B).theA-B
stretching and theA-B-C
bending motions are
converted into translation.

(1.4B)

A: one-
dimensional

B: two- k
dimensional I

The calculated probability distributions (1.3) and (1.4B) for the
one- and two-dimensional model dissociations are shown in figure
1.3. If the dimension of the process is increased from two to three,
the prcfactor in equation (1.4B) becomes Ed . The maximum of
P(6d) then shifts to higher energies and the width of the distribution
increases: a larger fraction of the internal energy is converted into
translational energy. Such a three-dimensional process is conceiva-
ble in a linear molecule, where the bending vibration is twofold de-
generate.

If an isolated dissociative state ('repulsive state') is responsible
for the fragmentation, energy will not be dissipated to vibrational
modes of the fragments. We note, however, that there are repulsive
potentials which induce specific fragment rotation or vibration.12J

14
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0.5 1.0 0.0 0.5
normalized kinetic energy release

If the uncertainty in E and E* is small, and no energy is carried

away by photons, the distribution of fragment translation^ energy

will therefore be narrowly peaked. We cite as an example the

measurements of methyl chloride dissociations reported in chapter 3

Figure U

Normalized distribution
functions for the kinetic
energy release in the
dissociation models
depicted in figure 2.
A: one dimensional
process. B: two-dimensio-
nal process. The energy
scale is given in reduced
unitsof'EJE?. Sis taken as
10.

11.22

^ 6.89 • 0

L>

I

6
6.08 +

3.73
3.62

0.00

kinetic
energy
release

Figure 1.4

Schematic diagram of the
dissociation CHftlNa-
CH3+Cl via an isolated
dissociative state. The
relation is shown between
the well-defined energy of
the repulsive state and
fragment translational
energy.

KINETIC ENERGY RELEASE DISTRIBUTIONS 15



13 YuJ/Oemkov, Soviet
Phys.JETP18(1964)
138

14 Df.de Brwjn,
JJIeuteboom. VSUUs,
and JLos, Chem. Phys.
85(1984)215

of this thesis. The relevant figure from that chapter is reproduced

below. The observed spectrum of translation^ energy is drawn at

the right hand side of the figure, indicating the connection between

internal and translational energy. The width of the E^peak is domi-

nated by the energy spread in the reactant due to the excitation pro-

cess. Little energy is dissipated to the rest of the molecule.

CHARGE EXCHANGE
The exchange of an electron between an atom and a molecular

ion or between two molecules in fast beam experiments is strongly
vertical and occurs with preference resonantly. For atom-atom pro-
cesses the theory has been given by Demkov.1 3 For atom-diatom
processes we give as an example the dissociative neutralization of
H2* ions with magnesium. 14 Vertical neutralization takes place
from the ionic ground state to the repulsive b 3 ^ , , state and the
bound c 3 ! ^ state of the neutral, which are drawn in figure 1.5.

Figure 1.5

Simplified potential
diagram of the states
relevant for t'se dissociative
charge exchange of Aj +

with Mg. At the right hand
side, the measured fragment
kinetic energy distributions
for different beam energies
are drawn into the same
potential diagram.

10

.2

I
OH

kinetic
energy
release

T10

.OkeV

0

0

H(ls)+H(ls)
., ,—»internuclear
2 3 distance [A]

I. 16
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Population of the b-state leads to the energy peak centered
around 3.5eV; population of the c-state, which dissociates by cou-
pling to the b-state, leads to the discrete peaks between 7 and 9eV.
As the beam energy is increased and the interaction time is shorte-
ned, the energy range increases which is populated in the b-state -
this leads to the broadening of the low energy peak in the spectra in-
serted at the right hand side of the figure. The paramount effect is,
however, that the relative intensity of the high energy peaks in-
creases. This means that the relative population of the c-state in-
creases. Both observations show that the fraction of off-resonant
neutralization events rises with shorter interaction time.

15 JX.Terlouwin'Mv.
Mass Spectrom.',
voUl,p.984, PLonge-
vialte(ed.).Heyden&
Son, London (1989)

16 ASJtaksitand
R.FJ'orter.Org. Mass
Spectrom. 22 (1987)
410

Charge exchange of polyatomic molecules has been studied by
several research groups. A thorough review of the experimental
work has been given recently. IS The results show that, also in
polyatomic molecules, charge exchange is a resonant process. We
illustrate this by figure 1.6. The cross sections for non-dissociative
charge exchange of several ionic projectiles with several targets are
plotted as function of the energy defect AE=RE(AB+)-JP(M). IP is
the vertical fdiabatic') ioniiation potential of the target, RE is the
recombination energy of the ion. RE is calculated as the energy dif-
ference in a vertical neutralization process. The peaking of the
cross sections around AE=O shows the resonant and vertical
character of the neutralization. Dissociative states can be populated
if AE is sufficiently large, i.e. if the IP of the target is sufficiently
low. This has been shown in many 'neutralization-reionization' ex-
periments, where the reionization step is used for mass spectro-
mctric fragment identification. The fragment yield in the neutrali-
zation step is larger if targets like Cd (IP=9.0cV) or Hg (10.4eV)
are used, and lower for O2 and Xe (both 12. lcV). Selective popula-
tion of several different dissociative states has been reported by
Raksit and Porter from dissociative neutralization of the organic
ions DCO and (CD3^COD on K, Na and Zn vapour.I6

CHARGEEXCHANGE 17



Figure 1.6

Charge exchange cross
sections for fast organic
fragment ionsAB* and
targets M as function of
RE(AB+)-lP(M). The open
and closed symbols stand
for molecular and atomic
targets. This figure is taken
from reference 17.

17 G.C.Shields, PA.Steiner
IV.PJIMelson.M.C.
Trauner, and
T.FMoran,Org. Mass
Spectrom. 22 (1987)
64

18 J.Gray and
R.H. Tomlinson, Chem.
Phys.Utt.3 (1969)523

19 WJ.vanderZande,
WXoot, DJ.de Bruijn,
and CKubach, Phys.
Rev. Lett. 55 (1986)
1219

20 SJ.Selgren.D.EJiipp,
andG.Gellene.J.
Chem. Phys. 88 (1988)
3116

70-
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The vertical character of charge exchange in polyatomic mole-

cules can be inferred from the results presented in chapter 3 and 4.

Repulsive states are accessed in the neutralization, and the ed-peaks

are hardly shifted if electron donors with different IFs are used.

Charge exchange is a means to produce compounds with special

properties. Molecules with an unbound ground state, but (mcta)sta-

ble excited states, which are interesting theoretically, can be made

by neutralization of the corresponding ions. In fact, one of the first

experiments on neutralized ions was to prove the (short-lived)

existence of He^ which is the textbook example of a molecule with

unbound ground state.18 Later work included the production and

study of rare gas hydrides, which are metastable as Rydberg mole-

cules. » * >

Neutralization by charge exchange of fragment cations is an in-
teresting option, since this yields isolated radicals. These interme-
diates in many high energy reactions are difficult to investigate ex-
perimentally due to their high reactivity. In chapter 3 we present

18
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one of the few studies of isolated acetyl radicals. In this instance

the choice of the electron donor element with a low IP leads to die

population of dissociative states, while a target with higher IP was

used in structure studies in a beam of fast radicals.21

21 P.OBanis.RJ'eng.and
F.WMcLafferty, Anal.
Chem.S8(198S)348

Unusually high internal reactant energies can be reached by
neutralizing an ion with a target with a low IP. In chapter 4 evi-
dence is presented that charge exchange populates hitherto un-
known dissociative states in alkanes.

CONTENTS
In chapter 2 the experimental method and the analysis of the da-

ta (dissociation pathways, branching ratios and £d-distributions) are
introduced and exemplified by measurements of cyclohexane,
which represents the upper limit in precursor and fragment mass ac-
cessible for study in our apparatus.

In chapter 3 we report on a study of two small molecules:
methylchloride (CH3C1) and the acetyl radical (CH3CO"). In spite
of their similar geometrical structures, completely different dissoci-
ation mechanisms are found. Methylchloride dissociates via a re-
pulsive state; acetyl radicals show energy scrambling. The energy
distribution from dissociating acetyl exemplifies dynamical effects
in the dissociation.

In chapter 4 an investigation of a number of prototype hydro-
carbons is presented: the study of several small linear alkanes leads
to surprising results. The dissociation pathways indicate that neu-
tralization takes place to unknow repulsive potentials, of which the
position and steepness are determined from the kinetic energy re-
lease.

CONTENTS 19



TRANSITION STATE OF EXCITED
POLYATOMIC NEUTRALS:

CYCLOHEXANE CHAPTER2

ABSTRACT
We present a new method for the study of dissociative processes

in excited neutral polyatomic molecules and radicals. Both frag-
ments of a dissociating neutral molecule are detected in a coinci-
dence technique. This allows the simultaneous determination of the
fragment masses and the distribution of the released kinetic energy.
The excited neutrals are created by neutralizing a fast ion beam.
First results are presented demonstrating the potential of the
method. The main dissociation reactions of highly excited neutral
deuterated cyclohexane (C6D12) are the ones which form
C3D6-fCjD6, C3D/ -*C3PS', and C4D;*+C2D5*. With lower proba-
bility QfD^+CjPt and C5D^+CD4 are formed. The distributions of
the kinetic energy release of the three dominant dissociation path-
ways can be interpreted using a modified quasi equilibrium theory.
The direct cleavage dissociation reactions have less effective inter-
nal degrees of freedom and a larger phase space than a rearrange-
ment dissociation.

INTRODUCTION

Ionic Mass Spectrometry
Mass spectrometry has proven to be a powerful technique for

analytical and fundamental measurements on ions. The easy deter-
mination of mass-to-charge ratios and the possibility of the prepara-
tion of well-defined beams explain its widespread use. For these
reasons mass spcctromctric techniques are applied, among others, in
studies of dissociation reactions, in which selection of the primary
ions and/or discrimination between reaction products is necessary.
Applications include ion structure elucidation and die determination
of reaction pathways of polyatomic ions. The latter can be probed
by the dissociation characteristics of the molecular ion: the
branching ratios of dissociation pathways, the kinetic and internal

INTRODUCTION 21
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Chem. Phys. 6 (1987) 35

Methods in Organic
Chemistry', Academic
Press, NewYork (1980)
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(1982)1020

energies of the dissociation fragments and the dependence of a dis-
sociation on ionic internal energy aid time provide information on
the dissociation dynamics on the molecular level.1 Of special inte-
rest are the properties of the transition state, defined as the interme-
diate state at the point of the reaction coordinate separating the mo-
lecular ion ('reactant') and its fragments ('products')- The transition
state is the key to the understanding of reaction mechanisms. Mass
spectrometry offers the possibility to obtain information on the tran-
sition state.

Neutral Mass Spectrometry

Mass spectrometric techniques restrict the study of dissociation
dynamics and transition states to ions. Obviously, an extension to
the field of neutral molecules is desirable. The chemistry of radi-
cals and excited neutral molecules plays an important role in studies
using, for example, the analytical method of pyrolysis (fragmenta-
tion of samples by oxygen-free heating) which is becoming increa-
singly popular, 2 while the results are interpreted on an empirical
basis. Straightforward transfer of results measured in an ionic sys-
tem to the corresponding neutral system is not allowed because of
the importance of the location of the charge for ionic fragmentation
pathways.

The experimental difficulty to analyze neutrals restrained the
study of dissociative processes in neutral polyatomic molecules.
Recently, neutralization by charge exchange of a mass selected ion
beam with target atoms and molecules has opened up this field of
research. For diatomic molecules, dissociative neutralization in
combination with translational spectroscopy is an established
method.5

For the study of structures of polyatomic neutral molecules and
radicals, the experimental concept of neutralized ion beam spectro-
scopy has been pioneered by the Porter group, which began its stu-
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dies with the dissociation of neutralized H3
+, 4 and later studied

small radicals (H3O*, CH5*, NH4" ) and organic radicals like neu-
tralized CD3OD2

+ and (CD^CCD*. 5<6-7 Metal vapours (K, Na,
Zn) are used for neutralizing mass selected ions, partly into dissoci-
ative states. The analysis of the neutral beam profiles allows the de-
termination of the maxinmim kinetic energy released in the dissocia-
tion process. A drawback of the method is the uncertainty about the
dissociations which occur and the unability to separate the contribu-
tions from the different dissociation pathways to the beam profile.
The dissociation pathways can be identified by reionizing the neu-
trals by passage through an NO2-JSlled second collision cell and de-
termining their mass by measuring their deflection in an electric
field. The combination of the results of both experiments gives in-
sight into the lifetimes and states of the radical.

A similar approach, termed neutralization reionization mass
spectrometry, is pursued by several mass spectrometric groups. Re-
views of mis technique have been published recently. 8&J° with
neutralization reionization mass spectrometry the existence, stabili-
ty and structure are studied of radicals like H3*, ]1 of hypervalent
molecules like CH5*, H2CI*, or of molecules too reactive to survive
in solution. An example of the latter are compounds of the structure
XCsCY, with X,Y=OH, NHj. The experimental setup consists of
two subsequent collision cells with a pair of deflection plates instal-
led between them. These components are mounted between the
magnet and the electrostatic analyzer of a reversed geometry mass
spectrometer or between the two mass spectrometers of a three-sec-
tor tandem instrument In the first collision cell the ion beam is
neutralized, preferentially without dissociation. As typical neutrali-
zation agents xenon or magnesh m are used. The ions are separated
from the neutrals by the deflection field. The subsequent structure
analysis of the neutrals requires heir conversion into charged mole-
cules and fragments. In the second cell this process of collision in-
duced dissociative ionization takes place, usually by collisions with
oxygen or helium. A mass s(«ctrum of the reionized neutrals is

4 PM.Cwrtis,
B.W. Williams, and
RfJPorter, Chan. Phys.
Lett. 65(1979)269

5 B.W.Williamsand
RfJ'orter.J.Chem.
Phys. 73(1980)5598

6 GJ.Gellene,
B.W. Williams, and
RJ'J'orter.J.Chem.
Phys. 74 (1981)5636

7 AJfJtaksitand
RJFPorter, Org. Mass
Spectrom. 22 (1987)
410

8 a: JKJerlouw and
H.Schwan, Angew.
Chan. Int. EdEngl. 26
(1987)805;
b: JJC.Terlouw in 'Adv.
Mass Spectrom.',
vol.ll, p984,
PZongevialle (ed.).
Heyden&Son, London
(1989)

9 C.Wcsdemiotis and
F.WMcLafferty.Chem.
Rev. 87 (1987)485

10 JZJIolmes, in 'Adv.
Mass Spectrom.',
vol.11,p53,
Plxmgeviatle (ed.),
Heyden&Son, London
(1989)

11 WJ.GriffUhs,
FMMarris.and
J.JiSeynon.Int.J.
Mass Spectrom. Ion
Proc.77 (1987)233
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taken by measuring their kinetic energy.
With the same setup the properties of the usually neglected neu-

tral fragments from unimolecular dissociations of ions are accessi-

ble to study: the neutralizing reaction step is not necessary, the

mctastably produced neutrals are reionized and analyzed as descri-

bed above. As an example we mention the experimental confirma-

tion of the proposal that metastable aniline loses HNC and not

HCN, which is thennodynamically more stable.12

In this paper, we present a novel technique for the study of dis-

sociative transition states in neutralized polyatomic ions. No reioni-

zation is necessary for the determination of the mass of the neutral

fragments. Furthermore, the kinetic energy release distribution is

measured for each dissociation reaction. Application to D12-cyclo-

hexane (C6D12) exemplifies the method and shows its potential.

EXPERIMENTAL

Method
An extensive description of the translational spectrometer em-

ployed for our research has been published. 3 Fast excited neutral
molecules AB* with mass m ^ are prepared by neutralization of a
beam of mass selected ions AB+. This is accomplished by charge
exchange with an electron donor M. One possible subsequent reac-
tion is dissociation of AB* into two neutral fragments A and B. The
kinetic energy released in this dissociation is denoted £d. This se-
quence is symbolized by equation (2.1), where underlining stands
for a fast particle and the superscript '•' stands for an excited mole-
cule. Unpaired electrons are neglected in the notation.

AB.+ + M (2.1)
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In figure 2.1, the Newton diagram for process (2.1) is shown in
the experimental geometry. We stress that this figure and the de-
scription below refer to pas dissociation event

ion
beam

collision
cell

double
detector

The dissociation is assumed to occur before the neutralized mo-
lecule has travelled an appreciable distance: it dissociates at the po-
sition of the collision cell, at a distance L from the detector. Con-
servation of momentum and euergy leads to the sharing of the ener-
gy £ d between the fragments A and B inversely proportional to then-
masses m A and mB; the lighter fragment (fragment B in this instan-
ce) carries away the larger fraction of Ed. The fragment velocities
v A and v B in the laboratory frame are equal to the fragment veloci-
ties in the center-of-mass frame superimposed on the velocity v 0 of
the precursor ion AB+. If the dissociation angle 6 , measured with
respect to the beam axis, is zero (forward dissociation) or re
(backward dissociation), the fragments arrive at the center of the de-
tector with maximum time difference T; if 0=n/2 (perpendicular
dissociation), they arrive at the same time (T=0) but with the maxi-
mum radial distances RA and RB. Conversely, if RA> RB and T are
measured, process (2.1) can be completely described: since L, mAB

and v 0 are known, one can calculate £d, mA, mB and 0 . The exact
formulas for die determination of the fragment masses and the kine-
tic energy release for each dissociation are:

Figure 2.1

Diagram of the measured
parameters RA, Rg and r
and their relation to the
experimental parameters
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B
2 + V n 2 T 2 fflA'11^

LJ ± I* T t } (2.2A)0 |
mAB L m AB

RB + (RB-RA)YT
m A = mAjj (2.2B)

with Uo the kinetic energy of the molecular ion, R ^ = RA + RB,

and Y= (v0 / L). mB is trivially given by (m^-m^). The dissocia-

tion angle 0 obeys tht relationship

0 = arctan { — } (2.2C)
v0T

For 7 T « 1 , which is usually fulfilled, equations (2.2A) and (2.2B)

can be approximated by:

^ " B R A B + V O ^
U0 r = (2-3A)

mAB L

m A = m AB <2-3B>
RAB

The two fragments are detected in coincidence. For each detec-
ted fragment pair the kinetic energy release ed and the mass m A are
calculated on-line according to equations (2.3). The approxima-
tions do not introduce large errors, but increase the speed of the cal-
culations considerably. The dissociation angle 0 is not calculated.
The measurement of many individual dissociations amounts to the
simultaneous measurement of the branching ratios of the different
dissociation pathways, which is the 'neutral mass spectrum' and of
P(£d), the probability distribution function for the released kinetic
energy, for each pathway. The data are stored as three-dimensional
spectra, with the intensity as a function of m A and Ed. Calibration
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of the mass scale was done by measuring neutralized perfluorokero-
sene ions, calibration of the energy scale by dissociative charge ex-
change measurements of H2

+ on a Cs target. The combined errors
lead to a fragment mass resolution of m/Am«40 (FWHM) and to an
ed-resolution 6^/^6^=50.

In this paper, dissociations into fragments with unequal masses
(mA9TOB) are described. The principal difference with the earlier
measurements of homonuclear diatomics 3J3M is that several dis-
sociation pathways of the reactant molecule are possible.

3 DP.deBruijnand
JLos, Rev. Sci. Instrum.
53(1982)1020

13 WJCoot.WJ.vander
Zande, and JLos, Phys.
Rev. Lett. 58 (1987)
2746

14 WJ.vander Zande,
WJZoot.JJU'eterson,
andJLos.J.Chem.
Phys. 89 (1988)6758

Ion Optics
The apparatus is of radial symmetry around a straight ion opti-

cal axis. Ions are produced in a conventional Nier type ion source.

The energy of the impacting electrons is adjusted to maximum cur-

rent of the ions of interest. In the experiments described below, the

electron energy was set to 14cV. The ions are accelerated to 4kcV

and mass selected by a Wien filter which, in crossed electric and

magnetic fields, deflects all but the ions of the selected mass. The

mass resolution m/Am of the Wien filter is about 100. The exit di-

aphragm of the mass filter is imaged by a large diameter Einzellens

onto the detector. Closely behind this lens, a collision cell is situa-

ted (entrance and exit diaphragm diameter is respectively 0.4 and

0.6mm, length is lmm). An alkali metal vapour at a pressure of

about O.lPa is introduced in the cell by heating the alkali. Behind

the cell, deflection plates are installed to remove all ions from the

neutralized beam. The experiments have been done with the drift

length between collision cell and detector set to 1485mm. The

width of the neutralized beam at the detector was smaller than

0.4mm. Typical beam currents are 10"11 to 10'10A before the colli-

sion cell and 10"13A (no alkali vapour, ions undetected) at the de-

tector.
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Detection System
The radially symmetric detector is based on two microchannel-

plates of 75mm diameter mounted in chevron configuration. The
sensitive areas are two opposing circle segments with limiting radii
of Rmjn=5mm and Rmas=32mm. From these limiting radii follows
the maximum ratio of mA/mj}= ^max/^ma~ ^ * ^ n e segtnent ope-
ning angle was set to 30°. From the impinging particles, the radial
distances to the beam axis and the mutual arrival time difference are
measured by two independent collecting anodes. The radial resolu-
tion is better than 0.2mm and the time resolution is better than 2ns.
Two fragments are considered to originate from the same molecule,
if they hit the two circle segments with less than a specified arrival
time difference, the 'coincident time window'. Coincident count ra-
tes range from 25Hz to 5kHz, depending on the experiment conduc-
ted. In the experiments described below, the coincident count rate
was SOHz with 2.5kHz of counts at each detector half. The coinci-
dent time window was set to 400ns.

The apparatus transmission function can be calculated as the
probability for the coincident detection of the two fragments. The
distribution of dissociations is assumed to be isotropic in the center-
of-mass frame. Parameters of the calculation are the apparatus and
detector geometries, the coincident time window, the mass ratio of
the fragments and the kinetic energy release. We discuss only the
case of forward dissociations (0^©<n/2). Inclusion of backward
dissociations does not change the result, since to first order the dis-
sociations are of forward-backward symmetry: @ and It - © lead to
the same results, except that the fragments arrive in the inverse suc-
cession. This is described by the equations (2.3). For a given set of
calculation parameters, only dissociations with a value of 0 bet-
ween a lower and an upper limit lead to the detection of both frag-
ments. The upper ©-limit is given by the condition that the R-value
of the light fragment has to be smaller than the maximum R-value
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which can be detected. Higher ©-values mean that the light frag-

ment misses the detector. The lower ©-limit is fixed either by the

minimum detectable R or by the maximum detectable arrival time

difference 1, whichever has the lower ©-limit. The minimum R-

condition means that a dissociation directed too much forward does

not give rise to large enough R-values of the heavy fragment to al-

low its detection. The T-condition means that a dissociation direc-

ted too much forward yields T-values larger than the coincident time

window. The integral over the solid angle within these limiting 0 -

values, scaled with 1% (the solid angle considered), is the probabili-

ty that both fragments of a dissociation event are detected. This

probability is the desired apparatus transmission function. The de-

tector segment opening angle and the efficiency of the channel-

plates for the detection of a single particle reduce this function with

roughly a factor 100.

In figure 2.2 calculated transmission functions are shown. The
most important feature of the plots is the decrease of the £d-range as
the ratio mA/mB increases.

0.2

0.2 0.4 0.6 0.8 1.0 1.2
reduced kinetic energy release

1.4

Figure 22

Calculated apparatus
transmission functions for
the fragmentation reactions

The energy axis is given in
reduced energy units of
{EJUtfUfi^J. The open
sector angle of the detector
is taken into account; the
detection efficiency of the
multichannelplates is assu-
med to be unity.
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Distribution of Internal Energy after Charge
Exchange

Charge exchange is a process on which much theoretical work
has been done. l5<l6J7 Theoretically and experimentally it has
been well studied for homonuclear and heteronuclear atom-atomic
ion collisions 1S and molecule-atomic ion collisions. 19^° Exact
theories of the charge exchange of polyatomic molecules are impos-
sible due to the complexity of the systems involved. Experimental
studies have been carried out; the dependence of the charge ex-
change cross sections on ion velocity is as expected for a resonant
process. ^ The cross sections peak strongly (peak width about
2eV) at resonance between the recombination energy of the ion and
the ionization potential (IP) of the electron donor.22 The recombi-
nation energy is defined as the energy difference between the ion
and the neutral with ionic structure, it can be approximated by the
ionization potential. The measured cross sections for fast polyato-
mic ions are large; values up to 150A2 are reported.5 These obser-
vations suggest that charge exchange of polyatomic molecules is a
resonant process, as is the case for atoms and diatomic molecules.
A description of resonant charge exchange of a two level system
has been given by Demkov.17 For the velocity regime considered,
a cross section Qis predicted18 which depends on (E-EQ), the ener-
gy mismatch from the resonance energy EQ:

Q(E-Eo) (2.4)

where vr is the radial component of the mutual velocity of projectile
and target and h is Planck's constant X is the potential parameter,
defined by the coupling-matrix element H l2(R) <* exp(-AR). We ap-
proximate Q(E-EQ) by equation (2.4), thus treating the charge ex-
change process of polyatomic ions like an atom-atomic ion colli-
sion.
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More factors than QQS-EQ) are of importance for the width of

the distribution of internal energy in the neutralized molecule. The

internal energy distribution of the ions AB+ arriving at the collision

cell can remain unchanged by the CE process. Therefore the neu-

tral energy distribution can be approximated by the ionic energy

distribution. The latter is the thermal distribution of the compound

to be ionized, broadened by the (possibly dissociative) electron im-

pact ionization. We consider only the internal energy due to the

temperature of the sample compound and assume it to be constant

through the neutralization process.

The density p(E) of states that are accessible in the neutraliza-

tion process is also determining the distribution of internal energy

in the reactant, since the probability that a level with energy E is

populated is proportional to Q(E-E0)p(E). Usually p(E) is not

known, but it can be approximated by the Electron Energy Loss

Spectrum of the molecule or by the PhotoIon-PhotoElectron Coin-

cidence spectrum. The PIPECO spectrum yields the vibronic states

of the ion, therefore it is a less realistic description of the neutral

states than the EELS spectrum. If these experimental data are not

known, the more crude assumption can be made that only one elec

tronic state is populated (usually the ground state), and that p(E) is

given by the density of its vibrational states. Model calculations of

Q(E-Eg)p(E) were carried out under this assumption. Q(E-E0) was

determined according to equation (2.4) where the radial velocity vr

was approximated by Vfffa. This is a common approximation, it

means that for the impact parameter and for vr average values are

taken. p(E) was calculated as the derivative of W(E), the total num-

ber of vibrational states with energy less than or equal to E. W(E)

was computed according to the formula given by Whitten and Rabi-

novitch:23

p(E) =
9W(E'=E) B {E'+qEjS

3E1 3E1 (S-
(2.5)

23 GZ.WMttencuut
B.SJtabinovitch,J.
Chan. Pkys.38 (1963)
2466
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where S is the number of internal molecular degrees of freedom, the
Vj are the S different vibrational frequencies of the molecule, and Ez

is the zero point energy of the molecule. W(E') was originally de-
signed as a high energy approximation. The term aEz=(l-&(a)Ez is a
correction factor to extend the range of validity of W(E'> to low
energies. The parameter S describes the dispersion in the Vj and co is
an empirical fit function, decreasing from 0.2S at low energy to zero
at high energy. Since co is a slowly varying function of E', its deri-
vative is taken constant The tabulated vibrational frequencies of
Shimanouchi were used. 24 Typical results of these calculations
are displayed in figure 2.3. The main features of the calculated
Q(E-E0)p(E)-cuives are the width of Qp and an upshift of the
average internal energy away from Eg. This width is getting smaller
and the shift is getting less if
. smaller molecules with less degrees of freedom, or
. higher values of Eo , or if
. lower ion velocities are considered.

For deuterated cyclohexane we assumed a resonance energy of
6.3eV, which is the difference between the IP of cyclohexane and
the IP of cesium, increased with 0.3eV, the thermal energy of cyclo-
hexane at 4S0K. The calculated internal energy distribution is
shown by the crossed line in figure 2.3B. An average internal ener-
gy E of 6.64eV is found, thus the shift of the average internal ener-
gy from resonance energy is 0.34eV, and the width of the distribu-
tion is 0.66V at half height.

Low Energy Electron Reflection experiments on cyclohexane
published by Lewis et al. revealed several electronic states. 2S In
the relevant energy range states were resonant with electrons of
4.8, 6.5 and 7.8eV. The state at 6.5eV almost coincides with the
theoretical resonance energy (see figure 2.8). From the above argu-
ments it is plausible that the internal energy of the neutral cyclo-
hexane molecules is about 6.5eV.
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2 4 6 8
internal energy [e V]

10

Figure 23

Estimated internal energy
distributions after charge
exchange. The product
Qp (equations (2.4) and
(25)) is calculated/ram ihe
vibnuional frequencies of
methane and D12-cyclo-
hexane. Two resonance
energies Eowere assumed:
63 and2SeVfor CJ>12+
ions neutralized on Cs
(crosses) and tig (circles),
they are indicated. Ion
beam energy is 4 and
1.75keV. 1.75keVCH4

+

ions have the same velocity

as ions.

RESULTS
As an example we measured deuterated cyclohcxane (C6D12).

The selected molecular ions were neutralized by passage through
Cs-vapour. The resultant 'neutral fragment mass spectrum' is shown
in figure 2.4. It can be understood as the projection of the three-di-
mensional data set (intensity versus Ed and mA) upon the mass axis.
The mass spectrum displays two main features: a continuous back-
ground is rising about linearly from zero (at the relative fragment
mass of 0.9) to its maximum value (at the relative fragment mass of
0.5), and there are five distinct peaks superimposed on this back-
ground. The peaks correspond to reactions of the type described by
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Figure 2.4

Experimental neutral
fragment mass spectrum of
the dissociative
neutralization of cyclo-
Cpl2+ICs. The double
bar drawn under the peak
of reaction (C) indicates the
mass range of 'peak plus
background', the single
bars next to it the tack-
ground' mass range.
Subtraction of the corres-
ponding ej-spectra and
dividing the result by the
tmnsmissionfunction
shown in figure 22 yields
the corrected Ej-spectrum
displayed in figure 2J5C.

1500 -

equation (2.1), that is dissociation into two fragments. From the

spectrum the main dissociation reactions of excited neutral cyclo-

hexane molecules are identified as:

(A)
(B)
(Q
(D)
(E)CD4

These neutral dissociation reaction pathways are not the same as
in the case of ionic deuterated cyclohexane. In table 2.1 the dissoci-
ation pathways of excited neutral cyclohexane are given together
with the dissociation pathways of cyclohexane ions produced by
70eV electron impact. Comparison shows that much less neutral
dissociation pathways exist than ionic ones.

Di2-cyclo-
hexane*

on cesium

(A) C3Dfi + C3D6

(B) C3D7'+ C3D5*
C4D;+ C2D5*

4 8 2 4
(E)C5Dg + C D 4

(E)

relative mass of heavy fragment
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In our instrument only fragmentation in two products gives rise
to a 'neutral mass peak', while the three or more products of secon-
dary dissociations lead to the continuous background. In a conven-
tional mass spectrum both processes lead to a mass peak. This dis-
crimination against secondary processes, which are likely to occur
at high internal energy, is the fundamental cause of the low number
of mass peaks. The branching ratio of the reactions (A) through (D)
is 0 .64:1 .0:0 .70:0 .14 , as calculated from the peak area above the
continuous background. A correction for the apparatus transmis-
sion function has been applied. The branching ratio is also listed in
table 2.1, again the corresponding numbers for cyclohexane ions are
given. A fragment mass resolution to/Am of 40 (at 50% of the
peak height) or 24 (10%) is calculated from the peak (B).

240

<p

0 -

0.0 0.4 0.8 1.2 1.6
kinetic energy release ed [eV]

Figure 2.5

Experimental ej-spectrafor
the reactions (A), (B) and
(C) of excited cyclohexane,
correaedfor tiackground
and apparatus transmission
(seefigure 2.4). The
signal-to-noise ratio is a
consequence of the
subtraction of the
underlying background, of
which the intensity is
comparable to the peak
intensity. Lines are drawn
to guide the eye.
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Table 2.1

Relative intensities of neutral and ionic products ofdeuterated cyclohexane. The
neutrals are produced by dissociative charge exchange (DCE) of the ions with
cesium, the ions by 70eV electron impact (El) ioniuttion. The tons were
measured on a commercial sector mass spectrometer (JEOL DX-303).

neutral products

product

masses

76 + 20

64 + 32

62 + 34

50 + 46

48+48

product

composition

C5Dg+CD4

Ĉ Dg + QA,

c^+c^
C3D6+C3D6

DCE

ionic products

El

relative intensity

low

0.14

0.70

1.00

0.64

1.00

0.23

0.98

0.30

0.06

0.06

0.09

0.26

0.81

0.09

0.48

0.03

0.12

0.33

0.48

0.16

0.13

product

composition

C6D12+

Cfy*

C4Dg+

Cfr*

C4D6+

C4D5+

C3I>7+

C 3 D 6 +

C3D5+

C3D4+

C3Dj+

C3D2+

0 ^ +

product mass to

charge ratio

96+

78+

64+

62+

60+

58+

50+

48+

46+

44+

42+

40+

34+

32+

30+

28+

18+
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The P(8d)-curves for the reactions (A), (B) and (C) are shown
in figure 2.5. The contribution of the continuous background has
been corrected for by a subtraction procedure. Finally, the ^-spec-
trum obtained in this way is divided by the transmission function
calculated for the experimental geometry. The resulting P(£d>-
curves for reactions (A) and (C) and, less clearly, (B) are cut off at
the lowest measurable ed-value (roughly lOOmeV, see figure 2.5).
The £d-value where the distribution function has its maximum, lies
for reaction (A) at 0.3iO.05eV. For reaction (B) a broad maximum
is found at 0.45±0.1eV, and for reaction (C) a narrower one at
0.3±0.05eV. At the high £d-side none of the curves is transmission-
limited. The high ed-sides of the P(ed)-curves show a power law
fall-off for all three dissociation pathways.

A: C6H127Cs 8000 -

6000 -

4000 -

2000 -

0

B

Figure 2.6

Experimental neutral
fragment mass spectra of
excited CJi12. formed fry
charge exchange of
cyclohexane ions tvitk Cs
vapour (curve A) andNa
vapour (curve B). The peak
assignments are indicated.

C6HI2
+/Na

probably (D)

0.7 0.9 0.5 0.7
relative mass of heavy fragment

In supplementary experiments, undeuterated cyclohexane

was neutralized by the two different electron donor ele-

ments Cs (IP=3.89eV) and Na (IP=5.14eV). The 'neutral mass

spectra' are shown in figure 2.6. The mass peaks cannot be as-

signed unambiguously, since the separation of two peaks differing

by one mass equals the mass resolution. The C6H12
+/Cs-spectrum

can be interpreted by analogy wish the C6D12
+/Cs-experiment, assu-

ming that no istope effects have to be considered. The C6H12
+/Na-

0.9
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Figure 2.7

Experimental EjSpectrum
for the dissociation reaction
leading to the main peak in
the Cfl12

+INa mass
spectrum shown in figure
2.6B. The spectrum is
corrected/or background
and apparatus
transmission.

spectrum is dramatically different: almost all intensity is concentra-
ted in the C4H7YC4I%-peak. The Ed-spectrum of this reaction is
given in figure 2.7.

2400

OuJ1200 -

C
0)

probably
reaction (D)

cyclohexane+

on sodium

0.0 0.2 0.4 0.6 0.8
kinetic energy release ed [eV]

1.0

26EJ?.vanDishoeck,
PM.T.vanVelzen.and
WJ.van der Hart,
Chem.Phys.Lett. 62
(1979)135

DISCUSSION
Several aspects of a dissociation reaction can be studied by ana-

lyzing the 'neutral mass spectrum' and the kinetic energy spectrum.

After some introductory remarks about the reactant we will analyze

the neutral mass spectrum and the kinetic energy release spectrum

separately and merge the results.

The ions arriving at the collision cell have a cyclic structure, as

has been shown in photodissociation experiments. 26 We believe

that this ring is opened early in the course of the neutralization-dis-

sociation reaction. The reasoning behind this is as follows: to re-

lease a fragment, the ring would have to break at two places simul-

taneously, forming two biradicals. The energy needed to do this can

be roughly estimated to be two times the C-C-binding energy in an

alkane: 2x3.1=6.2eV. The rate constant for this process where al-

most all available energy has to be distributed in a specific manner

will be much lower than for a simple ring opening which requires

only one of the C-C-bonds to be broken. Therefore the sequence of
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ring opening, relaxation to hexene (with AHf equal to -0.43eV,
which is 0.85eV higher than AHf of cyclohexane) and subsequent
dissociation to the detected fragments is more sensible. Further-
more it is consistent with the ratio of the peak intensities, which is
discussed below. This would imply that the observed dissociation
reactions of cyclohexane are two-step reactions. Nevertheless, the
ring opening reaction will not influence the conclusions drawn be-
low, since it is a reaction preceding all dissociation reactions.

The branching ratios of the dissociation pathways give informa-
tion over the relative number of accessible states in the different
transition states. The basic assumption of Quasi Equilibrium Theo-
ry (QET) is that the probability of a reaction to occur is determined
by the number of states in its transition state. The number of states
W* can be expressed as a volume in the phase space of the molecu-
lar coordinates. This assumption leads to a reaction rate constant
k(E) given by:

gW*(E*)
k(R)= withE*=E-EA (2.6A)

hp(E)

The superscript '$' is employed to mark variables and parameters
of the transition state. E A is the energy of the transition state, the
activation energy. E* therefore describes the available internal
energy of the transition state, termed excess energy. The multiplici-
ty g is the number of identical transition states. k(E) is often cast in
the following shape:

( 2 < 6 B )

It is connected with equation (2.6A) through the expressions in

equations (2.5) for W* and p. The vibrational frequencies vi as well

as the term otEj. are assumed to be the same in reactant and transi-
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Figure 2.8

Energy levels for the
dissociation of neutral
cyclohexane. The left hand
side of the diagram shows
energies of the reactant, the
right hand side energies of
the products. At the energy
axis, the triangles depict
electronic states in
cyclohexane. The
dashed line shows the
theoretical distribution of
internal energy in
cyclohexane neutralized on
cesium (cf. figure 2.3).
Resonant neutralization of
the ion is indicated by the
downward arrow.

The displayed dissociation
limits of reactions (A), (B),
(C) and (D) are taken from
table 2.2. Two dissociation
limits are given if several
heats of formation are
tabulated. Cyclic fragments
are excluded.

25 DMewis.PJBMerkel
andW.HMamilU.
Chem.Phys.53(1970)
2750

27 RJioogerbrugge,
MJBobeldijk and JJLos,
J. Chan. Phys., in press

tion state. The number of the internal molecular degrees of freedom

in the transition state is taken to be S-l, which implies a one-dimen-

sional reaction. We will return to this aspect later. The so-called

frequency factor v for a simple dissociation reaction usually is equa-

ted to the stretching frequency of the breaking bond. For a rear-

rangement reaction the interpretation of v is less straightforward,

but it is evident that the frequency factor will be lower than for a

simple dissociation.

9
6 •

>7-

<5 4 -

3 3 -

a , :

-1 -

—r— cyclohexane+

IA
n>(Cs)

total energy after neutralization

CB) (C)

JA)

1-hexene
— cyclohexane

The resulting ratio of the peak intensities I{ of two competing disso-

ciation reactions (i=l, 2) of one reactant with internal energy E is

given in equation (2.7). It connects the Ij to the reaction rates kj, and

thus to the number of states W,* in the two transition states.

Ix _ kj(E)
(2.7)

The last expression was obtained by applying the approximation

W*(E*)=bW(E*). This simple approach follows the argumentation
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of the QET and avoids the detailed description of the properties of

the transition state. The difference between reactant and transition

state is captured in one single parameter b. It was introduced by

Hoogerbrugge et al. for the interpretation of temperature-dependent

photo ionization mass spectra. 2 7 Relative b-values were found

which correlated with the type of reaction considered: after correc-

tion for the rotational density of product states, the b-value for a

simple ion cleavage reaction was found to be one order of mag-

nitude larger than for a rearrangement reaction. Thus the b-factor

was interpreted as a measure of the available phase space of a reac-

tion.

Table 2.2

Relevant energies for the dissociation rections (A) through (D) of neutral
cyclohexane. Heats of formation 6Ht, the corresponding activation energy EA,
excess energy£? and relative number of states W(E*) are given, literature
values a for undeuterated species are employed. Energies are listed in
electron volts, the combined error is dO.leV.

a HMJtosenstock,
KDraxl, B.W.Steinerand
J.TMerronJ.Phys.
Chem. Kef. Data 6
suppt.1 (1977)

b EA= lOH/products) -
AHJl-hexene) =
I/ii{.products) + 0.43eV

c E*=AHJc-C6D12)+E-
AHJd) 523
Mjprod). E=6.64eVis
internal energy after neu-
tralization with Cs.

d Calculated from equation
(3.7). using the
vibrationalfrequencies of
hexane, correctedfor the
double bond in hexene.
Hexane frequencies
from: T.Shimanouchi,
MMatsuura, Y.Ogawa,
andl.Harada.J. Phys.
Chem. Ref. Data 7
(1978) 1323

reaction

A

B

C

D

products

CH3CH=CH2 + C3CH=CH2

iso-Cgfy + CH^HCHj

n-CjHj + C H ^ H C H ,

C H J C H C H C H J + ^ H J

O^CHCHjCHa+CjUj

c i s ^ H g + C ^

t r a n s ^ ^ + Cjfy

fao^I^ + C^W*

AHf(products)

0.21+0.21

0.77 + 1.74

0.90 + 1.74

1.33 + 1.12

0.00+0.54

(-0.07)+ 0.54

(-0.12)+ 0.54

(-0.18)+ 0.54

EA*

0.85

2.94

3.08

2.88

0.97

0.90

0.85

0.79

4.38

2.29

2.15

2.35

4.26

4.33

4.38

4.44

W(E*)*

lxlO25

1.3xl018

3.5xl017

2xl018

4X1024

1.4X1025
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23 G.Z.Whittenand
B.SAabinovitchJ.
Chem.Phys.38(1963)
2466

27 R.Hoogerbrugge,
MBobeldijk and JMos.
J. Chem. Phys.. in press

28 DJHJtussell,
MJL.Gross.J.van der
Greefand
N.MMMbbering.J.
Am. Chem. Soc. 101
(1979)2086

For the application of equation (2.7) to our measurements, the
Ej* were calculated as the difference between the available internal
energy E and the total AHf of the fragment pair (see table 2.2).
W(E*) was calculated from the formula of Whitten and Rabinovitch
given in equation (2.5). ?-3 The vibrational frequencies of hexene
were approximated by the frequencies of hcxane, corrected for the
double bond. Loss of intensity due to secondary reactions of the
primary product, which would lower the detected intensity, is not
accounted for in the calculations, but this effect is not large enough
to alter the conclusions. The relative b-values for reaction (A), (B),
(C) and (D) were bA: b^ b c : bjj = lxlO"7 : 1.00 : 0.27 : 2.4xl0"8.
The b-values are approximately inversely proportional to the
W(Eji). This is easily seen from the consideration that the I; are of
the same order of magnitude (i=A,B,C,D) and therefore their ratio is
of the order of one. Since the dissociation of hexane via (A) in-
volves the shift of a deuterium atom, while (B) and (C) are direct
cleavages, the smaller b-value of (A) and (D) are interpreted as de-
scribing the smaller phase space leading to a rearrangement dissoci-
ation. The relative difference in b-factors between a direct cleavage
and a rearrangement dissociation was larger in our experiments in-
volving neutrals than in the ionic measurements of Hoogerbrugge
et al.. This can be a consequence of the lower mobility of hydrogen
or deuterium atoms over the molecular skeleton of a neutral as com-
pared to an ionic system. ^

The background in the neutral mass spectrum is caused by dis-
sociations of precursor molecules into more than two fragments.
This interpretation is proved by spectrum simulation calculations.
The reactions leading to background are symbolized by reaction
(2.8). The possibility of a consecutive reaction is indicated by the
intermediate reaction between brackets. The ratio of the intensity in
the background and the intensity in the distinct mass peaks gives an
indication of the stability of the fragments formed in the primary
dissociations.
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ABC* (-»AB + C) (2.8)

In the case of cyclohexane, we conclude from the high back-

ground that the primary dissociation products are prone to further

fragmentation within the flight time from collision cell to detector

(lfyis). This is not surprising in view of their energy content - they

share the high internal energy of the rcactant, diminished by the dis-

sociation energy of the breaking bond and the fragment kinetic

energy.

kinetic
energy
release

• £dmax

1 o rev

AB transition
state

reaction coordinate

A + B

Figure 29

Hypothetical potential
energy diagram for the
dissociation reaction AB
~* A+B. The connection
between total energy E,
activation energy EA,
excess energy Er, reverse
activation barrier Ereir

dissociation limit and
kinetic energy release Edis
shown. Zero point energies
are not drawn.

The spectra of the kinetic energy release (figures 2.5 and 2.7) al-
low the study of thermodynamical parameters of a molecule and its
fragments and give insight into the dissociation dynamics. The pro-
perries of the transition state and the final part of the trajectory of
the dissociation reaction are probed. From the lowest £d-value oc-
curring, the barrier height Erev for the reverse reaction can be infer-
red. This argument is visualized in figure 2.9, a schematic energy
diagram for a reaction of the type given in equation (2.1). Since the
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Figure 2.10

Simulated distribution
functions P(Ed). Curve (A)
shows equation (2.9):
dissociation takes place in
one dimension along the
reaction coordinate. Curve
(B) shows equation (2.10):
several degrees of freedom
contribute to the released
kinetic energy Eg The ener-
gy scale is normalized.
Erev=Etl25, 0=10.

measured £d-distributions are more or less clearly cut off at the low

Ed-side, the barrier heights E ^ for the reactions (A), (B) and (C)

are lower than or equal to the lowest detectable kinetic energy re-

lease (about lOOmeV).

B: several
dimensions

1.0
normalized kinetic energy release

29 JL.Fra,iklinin'Gas
Phase Ion Chemistry',
vol.1, p273,MT&o-
wers (ed.), Acad. Press,
N.Y. (1979)

The probability distribution function P(Ed) is usually calculated
under the assumption that only the motion along the reaction coor-
dinate is converted into kinetic energy of the fragments. The disso-
ciation is thus considered a one-dimensional process. The probabi-
lity for the occurrence of a certain value of Ed is equal to the proba-
bility that a transition state is populated with an internal energy of
(E$-£d). Application of the QET means that the latter probability is
given by the density of states with the required internal energy,
since all states are considered to be equally probable. If the offset
due to Eiev is taken into account, this leads to equation (2.9) as an
expression for the probability distribution function P(Ed):29

P(ed) (2.9)

In this equation E ^ ^ is the maximum released fragment kinetic

energy, determined by Edmax= E-Do= E-AH(A)-AHf(B)+AHf(AB),

with D o the dissociation energy of the A-B-bond. The description of

the transition state as a collection of a-1 uncoupled oscillators im-

plies that the density of states is proportional to (E* + E,^, - E^" 2 .

According to the simple picture of the QET, the parameter o should
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be the same as the parameter S, which was defined in equation
(2.5). Yet, the change in notation from S to o is introduced be-
cause, upon closer consideration, differences between them are evi-
dent S is meaningful early in the course of the reaction, since the
rate constant is determined at values of the reaction coordinate
between reactant and transition state, a is meaningful late in the
course of the reaction, at values of the reaction coordinate at and be-
yond the transition state. One might regard S as a parameter descri-
bing if dissociation will take place, and o as describing how it will
take place. Since the structure of the transition state is necessarily
different from the structure of the reactant, the equality of o and S is
a simplifying assumption, and experimental evidence for the
inequality of the two parameters is evidence for the detailed reac-
tion mechanism. This difficulty in describing reaction rates and
product state distributions with one single theory has been encoun-
tered before. 30- 31 The comparison of the measured P(£d), dis-
played in figures 2.5 and 2.7, with the theoretical function (2.9),
displayed in figure 2.10A, shows indeed that they do not match.

The most striking difference is the fact that the measured distri-
bution does not rise steeply from zero to its rnflyimipri value at
ed=Erev ™ s behaviour of P(£d) has also been observed in other
instances of neutral and ionic dissociations. && It is usually ex-
plained by phase space theory, a more detailed version of QET. In
phase space theory, the conservation of angular momentum is in-
cluded and as a consequence of this restriction not the whole phase
space of the molecular internal coordinates is accessible. For uni-
molecular dissociations the effects of conservation of angular mo-
mentum ate manifest in the energy regime where £ d is comparable
to thermal rotational energies.30f33 In our measurements, however,
we observe maxima of the P(£d)-function at £d-values between 0.3
and 0.5eV. These energies are too high to allow an explanation by
phase space theory for unimolecular dissociations of neutral mole-
cules.

30 WJ.Chesnavichand
M.TJBowers.J.Am.
Chem.Soc.98 (1976)
8301

31 RAMarcus.Chem.
Phys. Lett. 144 (1988)
208

32 JMJ'arson,
KShobatake, Y.TLee
andSAJUce, J. Chem.
Phys. 59 (1973) 1403,
1417,1427

33 WJ.Chesnavichand
MX Sowers, J. Am.
Chem.Soc. 97(1976)
892, andj. Chem.
Phys. 66(1977)2306
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From a kinematic consideration of the dissociation reaction,
we have estimated an analytical P(£d)-function which displays the
features of the observed distributions. Details of this are considered
in the introduction and in chapter 3. In short, similar arguments are
employed as for the derivation of equation (2.9), but the value of £d

is detennined not only by the energy contained in the motion along
the reaction coordinate, but also by the energy contained in the mu-
tual bending motion of the future fragments. The process is three-
dimensional - the energy of several modes will be, at least partly,
converted into £d in the course of the dissociation. The difficulty
lies in the 'book-keeping' required to take into account properly the
transformation of internal degrees of freedom into external degrees
of freedom in the course of the dissociation. Therefore P(£d) is ten-
tatively given as:

P(ed) ~ e#dmax-ed>a'2 < 2 1 0 )

In figure 2.10B a typical shape of this function is shown. It is
expected to describe a measured distribution best at high £d-values.
There the detailed effects of the dissociation dynamics play a minor
role, since most of the available energy will be supplied by the mo-
tion along the reaction coordinate. The exponent (o~-2) can be taken
from the slope of a double logarithmic plot of P(ed)e(j"

1 versus
(Edmax"6 -̂ edmax c a n ** equalled to E* In figure 2.11 such a loga-
rithmic plot is shown from the Ed-spectrum of the paramount mass
peak in the C6H12

+/Na experiment Deviations from linearity are
seen to occur at low £d-values, which appear at the right hand side
of the plot The slope of the linear part of the plot is 2212, and thus
o=24±2. Application of this procedure to the dissociation reactions
of C6D12 leads to o-values of 2713 for (A), 1513 for (B) and 1913
for (C). The larger o-value for (A), which is a dissociation invol-
ving a rearrangement, as compared to (B) and (C), which are direct
cleavage reactions, can be interpreted as a more efficient scrambling
of the internal energy of the molecule due to the lower b-factor of
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the transition state. This implies that the measurement of o can be

regarded as a measurement of the lifetime of the transition state.

The experiments with C6H12
+ being neutralized on Cs or Na

(figure 2.6) show an inversion of the relative peak intensities of the

(A+B)-peak compared to the (C+D)-peak. This inversion is only

possible if the k(E)-curves of the different reactions cross each other

(see equations (2.6), (2.7)). This implies that the fragmentation

leading to the strong (C+D)-peak in the C6H12
+/Na experiment has

a lower activation energy and a lower b-factor than either of the

reactions (A) or (B). If the fragment in question was C4H7", with

C2H5* as partner, E A of the reaction would be close to the E A of the

dissociation yielding the two radicals C3H7* and C3H5* (table 2.2).

If the fragment was C4Hg, with C y ^ as partner, EA of the reaction

would be about the same as the E A of the dissociation into two

C3r^ molecules. In view of the fact that a o-value of 24±2 was ex-

tracted from the P(£d)-curve and this very nearly coincides with the

value for reaction (A), it is probable that these two transition states

are similar to each other. Therefore the reaction leading to the

strong peak in the C6H12
+/Na experiment is assumed to be a re-

arrangement reaction. The difference in activation energies E A of

9

1.35 1.40 i:45 1.50 1.55 1.60

Figure 2.11

Double logarithmic plot 0}
jj dm?x^

from the main peak in the
neutral mass spectrum of
Cfl12

+ neutralized on Na
(figure 6b). Edmla is taken
to be 4.9eV. The slope oj
the linear (high energy)
part of the plot is 22J2.
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reactions (A) and (D) can be estimated from equation (2.6) to be
about O.leV. This difference can be small because its effect on die
peak intensity is amplified due to die steepness of the density of
states. Therefore we tentatively conclude that the main dissociation
reaction in the C6H12

+/Na experiment is the one into C4Hg and
C2H4, with die activation energy about 0.1 to 0.2eV less than in the
case of dissociation into two CjW^ molecules. The data collected in
table 2.2 suggest that die reaction products are iso-C4Hg and CjF^.

CONCLUSIONS
In this paper a new method for the study of dissociative

processes in neutral polyatomic molecules is introduced. The
combination of charge exchange with coincident fragment detection
is described. The application of an efficient position- and time-
sensitive two particle coincidence detector permits the
determination of die fragment masses and die kinetic energy release
for each binary dissociation event. The measured data show that
the dissociations of highly excited neutrals are qualitatively
different from the corresponding processes in ionic systems. The
one-step fragmentation reactions of C6D12, formed by
neutralization of cyclohexane ions on cesium, are die
fragmentations into C^Dg + C3D6, into C3D/ + C y y and into
C4D7* + C£>5\ Upper limits to die reverse activation barriers for
these reactions are given. Evidence is given for dissociations into
more than two fragments. The tunability of the internal energy by
selecting different electron donor gases is demonstrated. Transition
states of direct cleavage reactions and cleavages involving
rearrangement can be discerned by their corresponding volume in
phase space, described by die b-factor, and by the probability
distribution functions of die kinetic energy release.
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DISSOCIATION OF SMALL MOLECULES :

DIRECT DISSOCIATION OR
STATISTICAL ENERGY REDISTRIBUTION ? CHAPTERS

ABSTRACT
Dissociative processes in highly excited small molecules and ra-

dicals are studied by translational spcctroscopy. Fragmentation re-
actions are identified; their mechanisms are investigated by measu-
ring the fragment kinetic energy. The reactions are induced by
charge exchange of the precursor ion with alkali vapour. The disso-
ciation of CH3CI with an internal energy between 6.1 and 6.9eV in-
to CH3* + Cl* proceeds via a repulsive surface, converting most
available energy into kinetic energy. The dissociation of CH3CO*
with an internal energy above 2.5eV into CH3* + CO is preceded by
energy scrambling. The kinetic energy release is governed by the
dynamics of the reaction: a simple kinematic modrl for the conver-
sion of bending motion into fragment translation is consistent with
the measured spectra.

INTRODUCTION
Mechanisms of energy flow in excited molecules are of great

importance for the occurrence, rate and specificity of a chemical re-
action. The fundamental study of these mechanisms on the molecu-
lar level is becoming increasingly feasible due to advances in the
experimental techniques. The most direct way to study the fate of
internal energy is to monitor the different forms of energy into
which it can be converted. If the excitation energy leads to dissoci-
ation, the fragments can be detected and their internal and transla-
tional energy can be measured. A fundamental difference between
intramolecular relaxation processes and dissociation processes is
that the latter open the possibility for conversion of internal reactant
energy to product translational energy ('kinetic energy release').

The interaction of two bound atoms can be described with a

high degree of accuracy, and many principles governing a reaction
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have been identified. In contrast to this, the complex intramolecular

dynamics of large polyatomic systems can in general only be de-

scribed by statistical theories. The most widely used of these is the

quasi equilibrium theory. A molecule is described as an isolated

system with constant energy. The population of each allowed quan-

tum state in the molecular phase space is assumed equally probable

(the 'quasi equilibrium' condition). Such a system is named a

microcanonical ensemble in statistical mechanics, and the equations

developped in that field are employed in the quasi equilibrium theo-

ry. Therefore this theory depends on the main assumption of

statistical mechanics, namely that the number of states is large.

Systems of an intermediate size, where the transition between

these two extremes takes place, are therefore of great interest. Fun-

damental reaction processes can be observed and interpreted

without too much ambiguity, since the number of intramolecular

degrees of freedom is limited. This paper describes work on two

such molecules: CH3C1 and CH3CO'. We measured distributions

P(ed) of the kinetic energy release E$ from fragmentation reactions

of the type (3.1). Measurements of the kinetic energy release distri-

bution are a more stringent test of a theory than rate constant

measurements. The systems studied were highly excited neutral

molecules AB*, produced by charge exchange of the parent ions

AB+ in collision with alkali metal atoms M. The fragmentation re-

action is symbolized by:

Afi* A. (3.1)

where underlining stands for a fast particle.

Methyl chloride (CH3CI) is a pseudo-triatomic molecule linear
in its ground and some excited states. Photodissociation of CH3CI
as well as of CH3I with 6.4eV photons yields methyl radicals. 1

For CH3I molecules, this process as well as the photodissociation
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with 5.0eV photons has been shown to be non-statistical. 2i3 Dis-

sociation of the ion Cr^CT** into CH3
++G" is highly non-statistical,

as evidenced by the single kinetic energy release value measured in

PIPECO-experiments. 4 This is corroborated by the collision in-

duced dissociation experiments of Hop et al., where the m/z=15 pe-

ak was found to be broadened which is characteristic for a high ki-

netic energy release.5

In the acetyl radical (CH3CO"), the equilibrium CCO-angle is
roughly 120°, while the CH3CO* ion has a linear skeleton. 6-7 Not
much is known about the electronic states of the acetyl radical, but
an optical absorption band from about 200 to 240nm has been ob-
served by Parkes.8 Acetyl in an organic glass matrix was reported
to absorb at 340,500 and 540nm.9 Recently, its heat of formation
was (re)detennined by Holmes and Lossing. 10 Isolated acetyl
radicals have been formed as neutral fragments of a metastable dis-
sociation ]ltJ2 or from acetyl cations neutralized by collisions with
xenon,1 3 mercury, 14 and cadmium. i s The radicals thus formed
have been analyzed by collision induced dissociative ionization on
helium or oxygen target gas. A large fraction of them is formed in
metastable states: they dissociate within 0.5MS (the flight time
between the two reactions) into a methyl radical and a carbon
monoxide molecule releasing a large («0.5eV) translation^ energy.

11 R.Clair.JJLHolmes,
AAMommers, and
P.CSurgers, Org. Mass
Spectrom. 20 (1985)
207

12 JXJiolmcs,
F.PJLossing, and
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Chan. Soc. 108 (1986)
10SS
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(1986)249
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The differences in structure and intramolecular behaviour
between the molecules CH3CI and CH3GO* are expected to be re-
flected in their dissociation dynamics and therefore in the kinetic
energy release.
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EXPERIMENTAL
Descriptions of the translational spectrometer and of the experi-

mental procedure for measurements have been published. 16'17 In

short, fast excited neutral molecules AB* (mass mAB, velocity VQ)

are prepared by neutralization of a beam of mass selected ions AB+.

Neutralization takes place on passage through an alkali vapour of

about 0.1 Pa pressure. The deflection of the center-of-mass of AB is

small (we measured a total beam divergence of £5xl0'3 rad). A

possible subsequent reaction of the excited neutrals is reaction (3.1).

In figure 3.1 this is schematically shown for one dissociation event

The kinetic energy 8^ is divided over the fragments A and B inver-

sely proportional to their masses m A and mB. This leads to frag-

ment velocities v A and vB, of which the dependence on the dissocia-

tion angle © is evident from the figure.

Figure 3.1

Schematic diagram of the
measured parameters RA,
Rg and Xand their relation
to the experimental para-
meters L and VQ. The angle
between the fragment
velocity vectors is
exaggeratcdfor clearness.
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The two fragments are detected in coincidence by intercepting
them after a drift length L with a radial two-particle detector based
on muln'channelplates. For each detected fragment pair, the radial
distances RA and RB of the fragments and the arrival tune difference
X between A and B are measured. From these quantities, the energy
£4 and the masses mA and mB can be calculated. The measured
distance between the impinging fragments, which is a distance in
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the center-of-mass frame, is a measure for the kinetic energy re-

lease, while the ratio of the distances RA and RB is a measure of the

mass ratio m^n A . These relations are expressed by the approxi-

mate equations (3.2), where RAB=RA+RB:

e d = (3.2A)
2 L 2

_ * B _

R AB

(3.2B)

M-AB=mAmBmAB* ^ t h e 'educed mass of the fragments. The
measurement of many dissociation events yields 'neutral mass
spectra' and, for each neutral mass, the conesponding spectrum of
the kinetic energy release. From these mass spectra die dissociation
pathways of an excited neutral molecule can be identified and, si-
multaneously, from the mass resolved Ed-spectra that fraction of in-
ternal energy can be determined which is converted into fragment
kinetic energy. The detector dimensions (Rmin=5mm, Rmax=32mm)
place restrictions on the mass ratio of the fragments and the range
of kinetic energies. No coincident measurement is possible if one
of the fragments is lighter than 0.14mAg. The maximum detectable
kinetic energy (for @=n/2) scales with m^mA. Furthermore, disso-
ciations into more than two fragments can be detected (but not iden-
tified), since they lead to a raised baseline in the 'neutral mass
spectrum' (this is discussed at the end of the section 'Discussion').

The experimental conditions were as follows: ions were created
in an electron impact (El) ion source with variable electron energy,
the ion beam energy was set to 4keV, as target atoms Na, K and Cs
were chosen, with respective IP's of 5.14, 4.33 and 3.89eV. The
drift length L was 1480mm or 780mm, corresponding to measura-
ble e^-ranges from 0.11 to 0.80eV or, respectively, 0.39 to 2.9eV.
These ranges are calculated for the dissociation of methyl chloride
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(equation (3.3) below), which is the fragmentation reaction with the
most unfavourable fragment mass ratio.

CH3a+" ions were produced by 70eV El of the CH3C1 gas. The
light isotopic species CH^Ct* was mass selected as AB+. Acetyl
ions were usually 45eV El fragments from acetone. Supplementary
experiments weis run with different compounds which upon elec-
tron impact produce acetyl ions. The measurenients of methylchlo-
ride and acetyl were performed with Na and K target and a short
drift length. Acetyl was also measured with Na and Cs and a long
drift length.

RESULTS

Methyl Chloride

For all exchange targets employed, the detected dissociation
pathway of methyl chloride is the loss of the methyl radical:

* (3.3)

A mass spectrum is shown in figure 3.2. A slight background is
seen at the low mass side of the discrete pe*k. The E^-spectrum
consists of one single peak 0.7±0.1eV wide (at half height), located
at 2.4±0.2eV for M=Na, and at 3.010.3 for M=K. As an example,
the CBjCl+TNa spectrum is shown in figure 3.3.
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Figure 3.2

Experimental neutral mass

spectrum ofCHfif

neutralized by Na, showing

the fragmentation channel

tobeCH3'+Cf. The mass

axis is scaled by the

precursor mass. The raised

baseline at the low mass

side of the peak is due to

secondary dissociations.
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Figure 3.3

Experimental EfSpectrum

of the reaction CHjCl*'/Na

f
ed The de-

tector cut-off lies at 2.9eV.
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The spectra show for all targets similar results: the neutral mass

spectra show the measurable dissociation pathway to be

(3.4)

with a background at the low mass side of the main peak (figure

3.4).

Also the £d-spectra are very similar in the range from 0.3 to

3.0eV: P(£d) rises steeply to a maximum at £d=O.75±0.1eV and

falls off approximately with a power law to the maximum value of

£d, which for the Na and K target is situated at 2.5±0.2 and

2.9dfl.2eV.

In figure 3.5, we give the CBjCOVNa spectrum. For Cs, the

maximum £d-value was measured with an unfavourable drift length,

it was found to be 2.8±0.3eV. Additionally, in the CH3COVNa ex-

periment a weak shoulder superimposed on the main structure in the

spectrum was seen at £d=1.3±0.1eV (see figure). The spectra for

the low ed-range exhibit more pronounced differences. Spectra are

shown in figures 3.6A and 3.6B for the two targets with the most

extreme ionization potentials. The paramount difference is the oc-

currence of a low-energy tail down to the apparatus cut-off

(£d=0.1eV) with the Na target, which is not seen with the Cs target.

To change the fragment mass ration, thereby changing the kine-
matics of the reaction, deuterated acetyl ions (CD3CO*) were
produced from deuteraied acetone. Again, the measured dissocia-
tion was the one into CD3* and CO. The P(ed) curves were
measured with Cs target gas and a drift length of 1480mm (see
figure 3.6C). Surprisingly, the curve onset and the maximum were
shifted to values about O.lcV lower than in the spectrum of neutra-
lized CH3CO+-ions, while both curves coincided above e,j=l. leV.
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Figure 3.4

Experimental neutral

fragment mass spectrum of

CH3CO+ neutralized by Na,

showing the fragmentation

channel to be CH^'+CO.

The mass axis is scaled by

the precursor mass. The

raised baseline at the low

mass side of the peak is due

to secondary dissociations.

For a comparison, see

figure 3.11,

CH3CO7Na -CH3+CO
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Figure 3.S

Experimental e^spectrum

of the reaction CH£O*I

*

C///+ C0+ Na++ed. The

spectrum is composed from

two measurements with

long and short flight length

L. yielding the low (<0.SeV)

and high energy (>0.8eV)

part of the spectrum. The

arrow indicates the weak

shoulder mentioned in the

text.
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Figure 3.6

Experimental Ejspectra.

exemplifying the different

dissociation behaviour due

to a variation in internal

energy (3.6A vs. 3.6B) and

fragment mass ratio (3.6B

vs. 3.6C). Low kinetic

energy releases are

selected by measuring with

a long flight length L.

Experiments were conducted with the aim to change the internal
energy of the acetyl ions arriving at the collision cell. The energy
of the ionizing electrons was changed from 13eV to 70eV, but no
differences in the ed-spectra were observed. Several experiments
were run with different compounds which upon electron impact
produce acetyl ions. These compounds were 2-butanone, 2,3-buta-
dionc, and 1,1,1-trifluoroacetone. As targets in these experiments
we employed Na (drift length 780mm) and Cs (1480mm), but the
obtained spectra did not differ from the spectra with acetone in the
ion source.

CH3CO+/Cs

-»CH3+CO

0.5 10 0.0 0.5 10 0.0 0.5
kinetic energy release £d [eV]
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DISCUSSION
The compounds under study have been selected in view of their

size (intermediate between 'small diatomic' and large polyatomic'
molecules), of their structural similarity (a methyl group coupled to
a structural unit of about twice the methyl mass) and of the expec-
ted difference in molecular complexity (acctyl has twelve internal
degrees of freedom, three more than methyl chloride). Judging
solely from the number of degrees of freedom, a marked but not
dramatic difference in their dissociation behaviour is expected. The
measured spectra show, however, that completely different dissoci-
ation mechanisms are operative. We will therefore discuss the re-
sults obtained for the two molecules separately.

Methyl chloride
The fact that one peak of the kinetic energy release is observed,

indicates that charge exchange of methyl chloride cations with Na

or K atoms populates a narrow energy interval of repulsive neutral

states. This process of resonant neutralization from a bound ionic

state to a repulsive state has been demonstrated previously in colli-

sions of hydrogen molecular ions with a Mg target1S The neutral

molecule will dissociate by following the slope of the repulsive po-

tential within about half a vibrational period. No time is available

for internal relaxation. The equation for the kinetic energy release

for reaction (3.1) proceeding via a repulsive potential is

(3.5)

where E is the internal energy of AB, Dn is the dissociation energy
of the A-B bond and E+ is the so-called excess energy. E+ is de-
fined by equation (3.5).

18

JMeuteboom. VSUiis.
andJXos, Chan Phys
85 (1984) 215

DISCUSSION - METHYL CHLORIDE 59



17 SKdrnig.
JMMMeijersbergen,
WJ.van der Zande, and
JJLos. Int. J. Mass
Spectrom. Jon Proc, in
press, and chapter 2 of
this thesis.

19 YuNDemkov. Soviet
Phys.JETP 18(1964)
138

20 RM.OUon, Phys. Rev. A
6(1972)1822

21 S.Glias.JEBartmess.
JFlitbman,
JLMolmes.RDLemn,
and W.G Mallard, J.
Phys. Chem. Ref. Data
17,suppl.l(1988)

22 'Handbook of Chemistry
and Physics', 66th
edition, R.CWeasl
(ed.), CRC Press, Boca
Raton (1985)

W e will discuss first the dependence of the internal energy E on

the preparation of AB by neutralization of the ion AB. Charge ex-

change between a fast (= 10 5 m/s) projectile and a thermal target is

a vertical resonance process. It takes place most efficiently to states

at a resonance energy E o above the reactant ground state. E o is , for

reaction (3.1), defined by

IP(AB)-IP(M) (3.6)

where IP stands for the diabatic ionization potential. The cross sec-

tion Q for charge exchange as a function o f defect energy ( E - E Q )

has been given for the most simple case (atom - atomic ion colli-

sion) as:

Q(E-E0) ~ sech2 (
hA.vn

(3.7)

where h is Planck's constant, v 0 is the velocity of the projectile and

X is defined by the coupling matrix element H12(R)=exp(-AR). Q is

thus peaked around E=Eg.

Owing to the large difference between the masses of an electron

and an atom or molecule and to the short interaction time, electron

transfer in fast beams is a vertical process. The probability that a

state is accessed by charge exchange is therefore, apart from the de-

fect energy, determined by the Franck-Condon (FC) factor of the

initial and final state.

The ionization potential of CH3C1 is 11.22eV,21 therefore reso-
nant charge exchange with Na or K yields neutrals with an internal
energy of 6.08 or 6.89eV, respectively. The heats of formation of
reactant and products in their ground states are:
AH^CH^Cl^ -0.85, AH^CH^l .S l , and AH^(Cl>1.26eV.
D o can be calculated as D0=AHf(A) + A H p ) - AH^AB).
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Figure3.7

.Schematic potential
diagram for the reaction
CHfi* IM - • C H j '
-»CH3*+Cr+ M+46^ The
triangle indicates the optical
absorption peaked at 7.2eV.
2 3 The levels TC^'and

1 indicate the
theoretical resonance
energies for M =K, Na
according to equation (3.6).
The dashed lines "Kg-,1 and
•N^ ' indicaie the peaks of
the measured energy Ed. The
line TC indicates vertical
neutralization. The
Ejspectrum is taken from
figure 3.3.

If we assume exactly resonant electron transfer (E=EQ) and fill in

these thermochemical values, equation (3.S) leads to expected £d-

values of 2.46eV (sodium target) or 3.27eV (potassium). The

CH3Q+/Na measurement coincides with this expected value, but the

CMjCTTK result lies 0.3eV below the theoretical value. For the in-

terpretation of this result, we shall consider the known repulsive

states in the suitable energy range, which are denoted 'Q and 3Q.

The latter state is linear. The broad optical absorption band of the

transition from the ground state to the Q-states stretches from 6.2 to

7.7eV, with a maximum at 7.2eV.2 3 The 'Q-state correlates adia-

batically with the ground state products methyl and the halogen

atom. The 3Q-state correlates with ground state methyl and the

23 GJJerzberg, "Molecular
Spectra and Molecular
Structure', voU, Van
NostrandReinhold. N.Y.
(1966)
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spin-orbit excited atom. Li our spectra, we cannot discriminate bet-
ween the two Q-states. For CH3CI, no calculations on the position
and shape of these repulsive states have been published. We have
drawn, in figure 3.7, a schematic potential diagram of the Q-states
in CH3CI, making use of the available information. The potentials
are drawn in analogy to the corresponding CH3I states, 3 a mole-
cule comparable to CH3CL The equilibrium C-Cl distances in the
neutral (1.78A) and the ion (1.7lA) differ only slightly; they are
taken from Herzberg,23 and Shields,24 respectively.

The small difference between the e^-spectra after neutralization
by K and Na suggests that the same electronic state is populated in
both cases. From the optical absorption, which in CH3I is the tran-
sition from the ground state to the ^Q-state, -? we conclude that the
3Q-state should be positioned at 7.2eV vertically above the CH3CI
ground state. The 1Q-state should, in analogy to CH3I, lie higher
than the 3Q-statc at low C-Cl distances. The vertical neutralization
for the case that the structures of the ionic and excited neutral
methyl chloride are similar, is indicated 'FC in figure 3.7. From the
figure, and employing equation (3.5), the kinetic energy release is
expected to be at least 3.5eV - a value about 0.5eV (leV) higher
than the one measured with the K (Na) target.

We consider this deviation between the expected a..d the
measured kinetic energy. In CH3I, the repulsive 3Q-state was pho-
todissociated by van Veen et al.. 3 The resulting methyl fragment
was vibrationally excited in the v2 'umbrella' mode, with a v-distri-
bution peaked at v=2 and stretching up to v»7. It can be argued that
also in our experiment vibrationally excited methyl is formed. Such
vibraa'onal energy would lower the energy available for fragment
translation and could therefore account for the difference between
the measured energy and that expected for a vertical transition. To
account for the energy mismatch, vibrational quantum numbers of
v=8 (for 0.5eV) and v=15 (for leV) are necessary. Here we use the
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same v2-frequency as van Veen et al. (522cm"1). In view of these

high quantum numbers, we believe that the energy deviation

between theory and experiment is not due to vibrational fragment

excitation.

The assumption of similar structures of the methyl chloride ion
and neutral is questionable. Shields 24 found in ab initio calcula-
tions that the lowest energy structure of the ion is bridged. The ver-
tical transition then cannot simply be drawn in figure 3.7. The po-
pulation of the accessed state can be calculated, if the structures of
both the initial and final state are known. Since this is not the case,
we carefully conclude from the measured kinetic energy releases
that neutralization of CH3C1+ by Na and K takes place to one or
both of the repulsive Q-states. The level which is populated lies,
for the Na target, at least 2.7eV (3.0eV for K target) above the
ground state dissociation limit. Vibrational excitation of the frag-
ments is unlikely.

The difference between the E^-values measured with Na and K
targets is at variance with strictly vertical electron transfer, but can
be understood from the resonant character of the process. In a
strictly vertical transition (E=E0), the 8^-value should be the same
regardless of the target element. For a strictly resonant transition,
the Ed-difference should be given by £d(M=K)-e(J(M=Na)=IP(Na)-
IP(K)=0.81eV, as can be seen from equations (3.S) and (3.6). An
intermediate value (»0.5eV) is found for ed(M=K)-ed(M=Na); this
means that the maximum of the product of the charge exchange
cross section and the FC overlap is lying at smaller C-Cl distances
for CH3a+ /K than for CH3C1+/Na. From the different positions of
the Ed-peak and the different C-Cl distances for different targets the
steepness of the repulsive potential can in principle be derived. The
matching of the CH3Cl+/Na-result and the theoretical value indi-
cates that the energy difference of initial and final state in the verti-
cal transition equals the IP of Na (5.14eV).
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indicates that dissociation occurs via a metastable bound state
which before fragmentation makes possible fhe redistribution of in-
ternal energy. We will first discuss the electronic states in the ace-
tyl radical which are populated by charge exchange. After that we
will derive two distribution functions P(£<j). Firstly, P(£j) is given
for the standard model of a stretching motion being converted into
translation. Secondly, from a simple kinematic model for the disso-
ciation, the conversion of skeletal bending motion into translation is
studied. Implementation of this additional mechanism for kinetic
energy into the statistical formulas leads to a modified P(£d)-func-
tion, which is fitted to the measured data.

States populated by charge exchange

The small difference in the maximum observed £d-values for the
three targets suggests that the internal energy of the neutralized ace-
tyl is comparable in all cases. This is supported by the observation
that also the maximum of P(£d) occurs at the same e^-value for all
three targets. This would mean that predominantly the same mole-
cular state is populated regardless of the electron donor. This can
be due to the scarceness of suitable electronic states: if few states
are available, few channels for dissociation neutralization exist. An
indication of the bound states can be found in the absorption spec-
trum of Noda et al., 9 which features peaks at 2.30, 2.48 and
3.6SeV. These are indicated by triangles in figure 3.8.

Kinetic energies are observed which are larger than the theo-
retical excess energy E*. The E*-values expected from equations
(3.S) and (3.6) are, for exactly resonant neutralization, 1.3, 2.1 and
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2.5eV for the Na, K and Cs target, respectively, with IP(CH3CO)=
7.0eV and D0(CH3-CO) = 0.61eV. 21 The measured kinetic ener-
gies reach 2.510.2,2.9±0.2 and 2.8±0.3eV, respectively. The shape
of P(ed) and the theoretical curves given in equations (3.9) and
(3.11) below suggest that even higher energies may occur with low
intensity. The energies above the theoretical excess energies are
therefore at least 1.2, 0.8 and 0.3eV, respectively. This is surpri-
sing, since energy conservation requires that the kinetic energy
should not be larger than the excess energy.

High kinetic energies could be due to the population of highly
excited states by charge exchange or to the existence of excited ions
in the beam approaching the collision cell. We consider in turn
these possibilities. To account for the measured kinetic energies,
the state absorbing at 3.65eV would have to be populated, as can be
seen from figure 3.8. Neutralization to vibrationally excited lower
electronic states (like the ones resonant with photons of 2.30 and
2.48eV) is also conceivable. Since no structural information is
available on these states, no argument can be given as to which state
is accessed when the acetyl ion is neutralized. Internal energy of vi-
brationally excited ions can be conserved in the non-impulsive
charge exchange process, and could therefore be responsible for the
observed high energies. The formation of CH3

+ + CO, which is the
dissociation channel of CHjCO1" with the lowest activation energy,
requires 3.57eV, therefore excited ions could exist in the beam
reaching the collision cell.

However, the thermal energy of acetyl ions of 450K is only

O.leV, and the internal energy due to the dissociative ionization of

aceton should not be very high, either: when 13eV electrons were

used; or the production of acetyl cations (which have an appearance

energy of 10.53cV 21), no change in the maximum kinetic energy

release was observed. So there is no unambiguous explanation for

the occurrence of the high kinetic energies at the tail of the distribu-

tion.

21 S.GiAasJJEBartmess,
J.FXiebman,
JLJiolmes, RJ) Levin,
and W.G MallardJ.
Phys. Chem. Ref. Data
17, suppl.l (1988)
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Figure 3.8

Schematic potential
diagram for the reaction
CHfO++M->
CHCO'*M+

j 3

CO+M++ed (M=Na,K,
Cs) showing the relation of
the kinetic energy release
Ejwith the heats of
formation of the molecules
involved. Tnermochemical
values are taken from Lias
etal.21 The triangles
correspond to peaks in the
absorption spectrum. The
dashed line indicates direct
dissociation. The
£j - spectrum is taken from
figure 35.
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The range of the measured kinetic energies is wide (0.2 to
22.5eV, not considering the low-energy tail in CI^COVNa). This
is an indication that energy scrambling over the internal degrees of
freedom is efficient The states involved are bound long enough to
make this possible. Thus the quasi equilibrium hypothesis seems to
hold.

The difference in the low energy part of the Ed-spectra in the
CH3CO*yNa and CH3CO7Cs experiments (figure 3.6) is probably
due to an additional process occurring upon neutralization with Na.
This process leads to a continuous F^-spectrum at low energies.

From the above arguments we carefully conclude that neutrali-
zation of CH3OO* ions by Cs, K and Na takes place to the same
state of the acetyl radical, leading to the smooth Ed-spectrum
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streching from 0.2eV to almost 3eV. CH3CO+/Na populates addi-
tional states. These states, leading to low kinetic energy, have a
lifetime long enough to allow energy scrambling. The 1.3eV
shoulder observed in the same experiment is tentatively interpreted
as being due to resonant neutralization to a repulsive state. The
subsequent direct dissociation is indicated in figure 3.8.

The energy distribution function P(Ed) allows to draw conclu-
sions about energy redistribution and about structural and dynami-
cal effects in the transition state. The smoothness of the P(£d>-
curve means that the available quantum states for the energy to be
distributed are closely spaced or quasi-continuous. No dissociations
occur with very low £d-values in the K and Cs experiments. The
onset of the ed-distribution is downshifted for deuterated acetyl.
These arguments point to kinematic and dynamical effects in the
dissociation. This will be explained in detail below.

25 JZJranUinin-Gas
Phase Ion Chemistry',
vol.1, p.273,
M.T£mvers(ed.),
Acad. Press, N.Y,
(1979)

26 WAJ'orst, Theory of
Unimolecular
Reactions', Acad. Press,
N.Y. (1973)

Distribution of kinetic energy: one-dimensional

In quasi equilibrium theory, the probability of a process to occur
is determined only by the phase space volume or number of availa-
ble quantum states. Complete energy scrambling is assumed, justi-
fying the description of the molecular phase space of an isolated
molecule by a microcanonical ensemble. The relevant phase spaces
are the ones of the ground state reactant and the transition state.
Dynamical constraints of the reaction are not included. From this
model, which is successfully used for the calculation of ionic disso-
ciation rate constants, the distribution of kinetic energy P(£d) for a
given reactant internal energy E can be calculated in a straightfor-
ward manner. This leads to a standard equation for the kinetic ener-
gy release in a one-dimensional statistical dissociation. 2S^6 For
clarity, we will give a derivation below. In this simple model, the
bond in question is assumed to break if the corresponding stretching
degree of freedom contains more energy than the activation energy
DQ. Upon dissociation, this extra translational energy E, along the
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one-dimensional reaction coordinate is transformed into fragment
kinetic energy.

We separata the degree of freedom which leads to kinetic ener-
gy from the remaining S-1 degrees of freedom. We denote quanti-
ties of this stretching bond by the subscript't' and quantitier; of the
remaining molecule by the subscript W. Furthennor*', we define
N(E), the number of quantum states a: energy E. The number of
states ('phase space volume') leading to a dissociation with kinetic
energy release ed is denoted N*(E*;£d). Formally, this can be writ-
ten as

E* E*

where the Dirac delta functions 5(x;x') ensure partitioning and con-

servation of energy. In the transition state, the dissociating bond is

not bound any more. For polyatomic molecules, ^ ( E ^ is large

and therefore the switch from ths sum SNm(Em) to the integral

JdEjjjPmCE,,,), where pm is the density of states, does not introduce a

considerable error. Also the sum £N,(E^ over the energy levels in

the motion along the reaction coordinate is substituted by an inte-

gral, since the density of translational states is continuous. P(£d) is

proportional to the phase space volume N^flE^ej). This is expres-

sed in equation (3.9) where the switch to continuous variables and

the 5-functions have been executed.

P(ed)ccN*(E*;ed)ocp|(ed)pin(E*-ed) (3.9)

The density of states jn the dissociating bond disappears from the
expression, since the rate of passage through the transition state is
independent of E,. 2 7 Following Whitten and Rabinovitch, 2S

pm(E$) is approximated by a function proportional to {Et+aE^}5-2.
The zero point energy correction aE*z is of importance only at low
energy. Equation (3.9) describes a function which rises stepfunc-
tion-like to its maximum value at £d=0 and falls off to higher ener-
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gies with a power dependence. It is displayed in figure (3.9A).
Since S-2 usually is a high number, P(£d) drops quickly to very low
values, making difficult the determination of the maximum Ed-value
and the internal energy E of the rcactant.

There is clear disagreement between the measured kinetic ener-
gy spectra and the distribution function derived from simple quasi
equilibrium theory. While the high energy side of the distribution
does show the shape derived from the simple model outlined above,
a deviation occurs at the low energy side, where the predicted
stepped intensity rise is not seen. Instead, the measured £d-curves
show at the low energy side a smooth rise to their maximum value.

Similar energy distributions have been measured before for neu-
tral and ionic dissociations. 30-31'17 In fact, no distributions have
been found which behave according to equation (3.9). Several the-
oretical approaches were published which use refined statistical the-
ories for the calculation of product energy distributions. Conserva-

1-dimen- J . g 2-dimen-
sional JA sional

J \ coupled

2-dimen- -
sional
isolated

0 2 0 2
kinetic energy release ed [eV]

Figure 3.9

Theoretical energy
distribution functions for
the different models.
Figure 3.9A shows the
curve described by equation
(3.9): one (stretching)
degree of freedom is
convene* ?•••'«Hnetic
energy. Figures3.9B,3.9C
and39D show curves
described by equation
(3.11): two (stretching and
bending) degrees of
freedom are converted into
kinetic energy. In figures
B, C andD the populations
Nfr of the bending mode are
different. 3.9B:
Nb=constant. 3.9C:Nb

peaked around Eb=0.7eV.
3.9C:Nbpeaked around
Eb=I.0eV. C andD are the
results of a calculation
without and with fit ting of
the parameters Bfy a and
the conversion efficiency
(see text). Excess energy
E?<=3eV, stretching
frequency vt=900cm'1 and
bending frequency
Vb=S00cm''. Infigure 39D
a measured spectrum is
shown. It is composed from
two measurements with
long and short flight length,
measured with Cs
(ejiO.8eV)andK
(EfOJSeV) as electron
donors.
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tion of angular momentum is usually 31~33 the most important
factor. The result of such phase space calculations for the dissocia-
tion of acetyl radicals into methyl and carbon monoxide have been
published by Kroger arid Riley. 34 The calculated shape of the ki-
netic energy distribution function is comparable to the one shown in
figure 3.5, but the energies involved are too low.

Distribution of kinetic energy: two-dimensional

To account for the difference between theory and experiment,
we have looked in more detail to the dissociation process of acetyl,
especially to the consequences of the bent structure of the radical.
The different CCO-angle of the linear acetyl ion and the bent neu-
tral suggest excitation of the CCO-bending mode (typical energy
500cm"1) upon neutralization. We have used a simple kinematic
model (figure 3.10) to calculate the effect of skeletal bending ener-
gy on the kinetic energy re? ease. The acetyl radical is modelled by
a bent triatomic molecule with energy Eb in the CCO-bending mo-
tion. The methyl group is represented by a point with mass 15u.
The CCO-bond angle is 120°; the C-O-distance is 1.2A and the C-
C-distanceis 1.5 A.

Figure 3.10

Schematic picture of the
dissociation process
CHfO'* ->CH3'+CO.
Toe conversion is shown of
skeletal bending energy into
CO rotation and orbital
angular momentum of the
fragments. At large
fragment separation, the
latter is measured as kinetic
energy release. CM.
denotes the center of mass.

When in the transition state the bond between the two carbon
atoms is broken, the bending motion causes rotation of the CO-frag-
ment. This effect has been shown 35 in photodissociation experi-

C

before O after
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on NOC1. As the total angular momentum is conserved, the
rotational angular momentum vector of the CO has to be counter-
balanced by the orbital angular momentum between the two frag-
ments CH3* and CO. The energy in the radial motion is asymptoti-
cally converted to kinetic energy. Finally a small part of the energy
in the bending mode is directly converted to radial energy of the se-
parating fragments. Application of the conservation laws shows
that the ratio between the kinetic energy of the fragments over the
rotational energy of the CO molecule is 3/2, so 0.6Eb is converted
into kinetic energy. This ratio is dominated by the ratio of the mo-
ments of inertia I=^12R12

2 of the fragment pair CH3+CO (I=22uA2)
on the one hand and the CO molecule (I=15uA2) on the other.

We implement this conversion of bending energy to kinetic
energy into the statistical formalism outlined above. The dissocia-
tion process can be considered as two-dimensional, since we now
include an additional degree of freedom. We assume that the two
contributions to the kinetic energy can simply be added:
ed=Ej+O.6Eb. The resulting expressions are:

x8(Eped-0.6Eb)8 (PJEt-EcOAEJ (3.10)

P(Ed)~ 2Nb(Eb)pt(ed-EWv-O.6Eb)pni(E*-ed-O.4Eb) (3.11)

The sum over Eb is not replaced by an integral, because Nb is not
large enough to validate the continuous approximation. pm is now
calculated for S-2 degrees of freedom. The lower and upper sum
limits are, respectively, Ej,=O and ^=6^/0.6 or E*, whichever is
lower. For £d-values up to 0.6E*. this sum introduces a factor
which is proportional to Ed:

P(Ed) ~ e^EtvxE*}*-3 (3.12)
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In figure 3.9B we show P(£j) calculated according to equation
(3.11). The bending mode is assumed to exchange energy with the
rest of the molecule. The expected smooth rise at the low energy
side is seen, but the position of the maximum lies at too low 8d-
values.

There are several possibilities conceivable to account for the
observed maximum position of the energy distribution function.
One is that more than two internal degrees of freedom contribute to
the kinetic energy release. This would enlarge the phase space
which corresponds to larger fragment translational energies. The
other possibility is that the skeletal bending energy is not exchanged
efficiently with the energy in the other vibrational modes, which is
in contrast with the quasi equilibrium assumption. This 'isolated'
energy changes the statistical weight of the individual bending
levels. This is mirrored by the kinetic energy distribution function.
We discard the first proposal because there are no more internal
molecular motions which can be converted efficiently to fragment
translation. The second proposal is supported by the argument that
the CCO-bending mode is by far the lowest frequency mode of the
molecule and therefore energy exchange during the lifetime of the
excited molecule can be inefficient. To estimate Eb, we have ap-
proximated the bending potential of acetyl by the literature bending
potential of CH3CN 36 and find E ^ . e V e V for an angle which de-
viates 60° from the equilibrium angle. Nb is approximated by the
Franck-Condon factors for the population of the bending levels, cal-
culated according to Gislason et al.. 3? If only the v=0 upper state
is considered, the vibrational distribution is a Poisson distribution.
The use of this vibrational population leads to the energy distribu-
tion function which is shown in figure 3.9C. The fit is satisfying for
such a rough model, but the peak width is too small and its maxi-
mum occurs at too low energies. The average value and uie widt
of the population of t ie vibrational levels in the isolated bond
scaled with the conversion efficiency to kinetic energy, are imaged
in the position and width of P(£d). Another factor which strongly
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influences the slope of the high energy side of the energy distributi-

on, is the effective number o of degrees of freedom. This concept

has been used before 3S$9 in rate constant calculations. Since it is

an appealingly simple parameter, we use it for the interpretation of

our measurements. It has been applied, for example, for discerning

direct cleavages from rearrangement dissociations ii. neutralized cy-

clohexane. For a more detailed discussion, we refer to our previous

paper.17 Like in the case of cyclohexane, we found that a is much

less than the theoretical number (S-2). A good spectrum recon-

struction was obtained with the following parameters: o=7,

Eb=leV, conversion efficiency 0.7. This spectrum is compared to a

measured spectrum in figure 3.9D. In our opinion, the excellent

match indicates strongly that the dissociation of acetyl is not purely

governed by energy scrambling as presupposed by the statistical hy-

pothesis. In the dissociation behaviour several deviations from it

may be reflected:

. selective excitation of the bending mode due to the geometry

change upon neutralization;

. inefficient internal coupling of the low-frequency bending mode

to the rest of the molecule.

17 SJCSrnig,
J.HMBeijersbergen,
WJ.van der Zande, and
JJLos, Int. J. Mass
Spectrom. Ion Proc, in
press, and chapter 2 of
this thesis.

38 B.Steiner,C.F.Giese,
and M.GJnghram, J.
Chem.Phys.34(1961)
189

39 DJMeRoy.J.Chem.
Phys.53(1970)846,
andJ. Chem. Phys. 55
(1971)1476

The shift in the distributions P(e<i) of CD3CO and CH3CO (fi-
gures 3.6B and 3.6C) can be estimated from the ratio of the mo-
ments of inertia of the pairs CH3+CO and CD3+CO, which is
I(CH3-CO) / I(CD3-CO)=0.89. This would lead to a downshift in
the distribution of about 11%, which corresponds satisfyingly with
the measured shift by 0. leV. This shift is, in our opinion, the stron-
gest proof that a dynamical description of the dissociation is indeed
correct.

The observed raised baseline at the low mass side of the
discrete peaks is due to multiple dissociations. Since the detector is
tailored for the detection of two coincident particles, such processes
would lead to erroneous data points in spectra. Simulations have
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Figure 3.J1

Simulated 'neutral mass
spectrum'of the two-step
reaction CHfO'* -4
CH3'*+CO+leV->
CH2+If+CO+0.01eV. The
small spikes at the high
mass side of the mass peak
are due to non-random
sampling of the dissociation
angle 0.

been performed, assuming two subsequent dissociations of a precur-

sor molecule to form three particles. The observed spectra are

consistent with such secondary dissociations of low energy release

yielding light particles. In figure 3.11 we show the result of such a

simulation.

rel. mass of
heavy fragment

0.7

CONCLUSIONS
Translation^ spectroscopy in combination with dissociative

charge exchange has been employed for the study of dissociative
mechanisms of small polyatomic molecules. The molecules CH3CI
and CH3OO' show completely different dissociation behaviour: the
mechanism in methyl chloride is direct dissociation via a repulsive
surface, whilst the dissociation of the acetyl radical is preceded by
statistical scrambling of the internal energy. The low energy part of
the kinetic energ) release distribution in acetyl dissociations points
to structural and dynamical effects: selective excitation of weakly
coupled bending modes appears to be crucial for the amount of in-
ternal energy which is converted into fragment kinetic energy.
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REPULSIVE STATES IN ALKANES:

EVIDENCE FROM THE KINETIC
ENERGY RELEASE CHAPTER4

ABSTRACT
Dissociative states of the linear alkancs n-CN H J N ^ (N=3,..,6)

are populated by charge exchange of the respective cations. After

neutralization by cesium or sodium, the highly excited molecules

dissociate into radicals by breaking the innermost C-C bond. This

and the fact that the fragment kinetic energy is narrowly distributed,

indicates that direct dissociations occur without extensive energy

redistribution. The observed values of the kinetic energy strongly

suggest the existence of repulsive states at 6eV in neutralized pro-

pane, 5eV (butane and pentane) and 4.5eV(hexane).

INTRODUCTION
Dissociation mechanisms of several excited and super-excited

neutral molecules have been studied recently by a new method. l i2

The molecules are prepared by neutralization of ions in a fast beam;

fragmentation patterns are identified and fragment kinetic energy is

measured by differential translational spectroscopy. The validity of

the statistical quasi equilibrium theory is tested for several model

systems.

We present a study of the dissociation behaviour of a series of
linear alkanes (ethane, propane, n-butane, n-pentane, and n-hexane)
after neutralization of the respective ions by cesium and sodium.
Although for alkanes there exist not much spectroscopic informa-
tion about the energy region between the ground state and the ioni-
zation potential (the relevant region for neutralization) these com-
pounds were chosen for their appealingly simple geometrical struc-
ture, which makes them natural model systems. Furthermore, alka-
nes have no double bonds, which would introduce a great ambiguity
in the structure of the ion and thus of the neutralized molecule.

The experiments were set up in order to explore the influence of

/ SXdmig,
JJIMMeijersbergen,
WJ.van der Zande, and
JLos, Int. J. Mass
Spectrom. Ion Proc, in
press, and chapter 2 of
this thesis

2 SXdrnig,
JMMMeijersbergen,
and JLos, submitted to
J. Phys. Chem., and
chapter 3 of this thesis
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molecular size on the dissociation mechanism. The degree of ener-
gy scrambling was expected to increase upon increasing the number
of intramolecular degrees of freedom. The experimental data,
however, show that no scrambling occurs at all. Instead, evidence
is found for die existence of repulsive states at energies inter-
mediate between the ground state and the first ionization potential.

EXPERIMENTAL
Descriptions of the translation^ spectrometer employed for ex-

periments on dissociative transition have been published. 3-J Some
of the measurements were carried out on a new instrument, which
will be described in a future paper. "* The primary difference to the
first instrument lies in the mass selecting stage, where a sector msiss
spectrometer is used instead of a Wien filter. This change improves
the mass resolution of the first stage by at least an order of magni-
tude.

Fast excited neutral molecules A6* with mass ro^ are prepared
by neutralization of the corresponding ions AB+. The superscript '*'
stands for an excited molecule. Neutralization is achieved by pas-
sage through a collision cell filled with alkali vapour at a pressure
of about O.lPa. Behind this cell, ions are removed from the beam
by an electrostatic field. The neutralized main beam is intercepted
at the detector center. Only neutral particles outside the main beam
are detected. These can be due to fragments of AB* or to scattered
of undissociated particles. Dissociative neutralization yielding two
fragments is symbolized by equation (4.1). Underlining stands for a
fast particle and Ed for the kinetic energy released in the dissocia-
tion. Unpaired electrons are neglected in the notation.

(4.1)
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In figure 4.1, the Newton diagram for process (4.1) is shown in

the experimental geometry.

double
detector

This figure and the description above refer to QD£ dissociation
event. The dissociation is assumed to occur at the position of the
collision cell, at a distance L from the detector. We neglect the de-
flection of the center of mass of the AB molecule in the neutraliza-
tion process (scattering), since an upper limit for the deflection
angle of 5xlO'3rad was determined experimentally. Conservation of
momentum and energy leads to the partition of the kinetic energy £ d

between the fragments A and B inversely proportional to their mas-
ses m A and mB (we define mA£mg).

The fragment velocities v A and vB in the laboratory frame are
the center-of-mass velocities superimposed on she velocity v 0 of the
precursor ion AB+. If the fragment distances from the main beam
RA, RB and the arrival time difference i are measured, process (4.1)
can be completely described. The two fragments are detected in
coincidence. The first order equations for the determination of the
fragment masses and the kinetic energy release for each dissociation

Figure 4.1

Schematic diagram of the
measured quantities
(distances RA, RB and
arrival time difference z)
and their relation to the
beam, velocity
vo=<2U(flnAB)os and the
drift length L. AS+isthe
mass selected precursor
ion, M the alkali element.
The angle between the
fragment velocity vectors vA

and vB is exaggerated,
realistic values are between
I'and5°.
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are given below as equations (4.2A) and (4.2B), with U o the kinetic
energy of the molecular ion and RAB = RA + RB. The ranges of
masses and energies are limited by the detector dimensions
RJnjn=5mm and Rmax=32mm. The maximum relative fragment
mass is *nA/mAB=Rmjn/(Rmjn+Rinax), and the measurable range of
relative fragment kinetic energy is given by: (mAAnB)(Rmin/L)2 <
E,j/U0 ̂ (mg/mAXRmax/L)2. This means that the width of die 'energy
window' is strongly dependent on the mass ratio mA/mB, while its
position can be chosen by chosing Uo and L. In chapter 2 we show
some calculated apparatus transmission functions. The different
transmission for different mass ratios distorts those neutral mass
spectra which contain several peaks: higher mass ratios are sup-
pressed.

For each detected fragment pair the kinetic energy release ed

and the mass m A are calculated on-line (equations (4.2)) and stored
in multichannel analyzers. The measurement of many individual
dissociation events amounts to the simultaneous measurement of
the branching ratios of the different dissociation pathways, which is
the 'neutral mass spectrum' and of P(£d), the probability distribution
function for the released kinetic energy, for each pathway. The
mass resolution m/Am is about 30.

(4.2A)
mAB L2

= m.lAB (4.2B)

The 'neutral fragment mass spectra' shown below were collected
on the first instrument with U0=4keV and L= 1.48m. All ^-distri-
butions shown (except for hexane) were measured with the new in-
strument at U0=6.3keV and L=O.75m. The kinetic energy was cali-
brated by the low energy peaks in the dissociative charge exchange
ofH2

+ /Cs.5
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RESULTS

Neutral mass spectrum
After neutralization of the respective cations by charge ex-

change with cesium (ionization potential IP=3.89eV) or sodium
(IP=5.14eV), all measured n-aikanes fragment by direct dissocia-
tion, yielding two radicals. An exception might be the n-hexane+

/Na reaction, which is shortly discussed in the appendix. Ethane
also showed a different dissociation behaviour, which is described
below. The neutral fragment mass spectra of die alkaneVCs experi-
ments are shown in figure 4.2; they display the peaks corresponding
to reactions (A) through (D):

+ e d (A)

C4H10
+ + M-» C 4H 1 0*+M+-» C2H5* + C2l%*+M++ed (B)

* J* + M+ + e^ ( Q

(Dl)

(D2)

(D3)

In alkane+/Na experiments, reactions (A), (B), and (C) were

identified. The identification of the n-hexane dissociation pathways

(Dl) through (D3) is difficult, since for such a large molecule unit

fragment mass resolution is not achieved. However, we are confi-

dent mat the reactions (Dl) and (D2) given above are correct. The

identification of reaction (D3) is questionable due to the extreme

ratio of fragment masses; this is indicated by the question mark.

We will not consider reaction (D3) any further.

When ethane is neutralized on either alkali vapour, dissociations
are detected, but the collected mass spectra (not shown) are struc-
tureless. Therefore no identification of the reactions is possible.
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Figure 4.2

Experimental neutral mass

spectra of several n-alkanes

after neutralization of the

corresponding ions

by cesium vapour. The

identification of the

reactions is given in the

text. The mass axis is

scaled by the precursor

mass. The spectra are not

corrected for apparatus

transmission.

The spectra fall roughly linearly from the relative fragment mass

0.5 (corresponding to RA=R3> to higher values (R A <RQ). This be-

haviour is due to secondary fragmentation, yielding three or more

fragments. We conclude that neutralized ethane ions do not dissoci-

ate into two fragments with mass ratio mA/mg smaller than 6. Bina-

ry fragmentations with mA/mg>6, like the loss of a hydrogen atom

or molecule, fall outside the observable range of mass ratios. If not

explicitly stated, we will neglect the ethane results in the following

sections.

Such a baseline in the mass spectrum is also present in the case
of propane+/Cs, while it is much lower in the spectra of butane+/Cs
and pentane+/Cs.

1200 -, C 3 H g + /

Cs

O
u

a

5000

(A)

2000 -I

(Q

C4H10
+/Cs

(B)

C<H127 800

Cs

0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8 0.9
relative mass of heavy fragment
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Kinetic energy release

The kinetic energy release distribution for all alkane+/alkali re-

actions display a single peak. The £d-spectra are shown in figure

4.3; the numerical results are given in tables 4.1 and 4.2. The posi-

tion and width of this peak varies systematically with the chain

Figure 4.3

Experimental Eg spectra of
the dissociative charge
exchange reactions (A)
through (D) ofn-alkane

(N=3.4J,6) neutralized by
cesium and sodium. The
high energy side of the
reaction (D2) is cut off due
to apparatus transmission.
Energies are given in eV.

2 3 4 5 0

kinetic energy release ed [eV]
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Table 4.1
Kinetic energy release in
the dissociative charge
exchange reactions (A)
through (D) of linear
alkane ions with cesium.
The peak value of the
distribution is listed, as well
as the full peak widths at
half maximum value. The
energies are given in eV.

a high energy side of the
peak is cut off

length. This dependence is depicted in figure 4.4. The energy
peaks in aikane+/Na experiments were lowered by some 0.4 to
0.9eV as compared to the alkane+/Cs experiments. Most £d-peaks
are slightly asymmetric, tailing to higher energies. All energy spec-
tra shown have been corrected for the intensity contribution from
the underlying 'secondary fragmentation' background. A correction
of the energy spectra for transmission, discussed in 'Experimental',
has not been applied in the spectra shown in figure 4.3, since nar-
row peaks are hardly distorted by the small ckange in transmission
across the peak. Only the spectra in figure 4.7 have been corrected,
since the range of observed energies is larger.

peak position
peak width

propane

(A)

2.5±0.2
l.liO.l

n-butane

(B)

1.610.2
O.fcbO.l

n-pentane

(O

1.2±0.2
0.7±0.1

n-hexane
(Dl) (D2)

0.810.2
0.6*0.1

0.810.2
>0.4»

Table 42
Kinetic energy release in
the dissociative charge
exchange reactions (A)
through (C) of linear alkane
ions with sodium. The peak
value of the distribution is
listed, as well as the full
peak widths at half
maximum value. The
energies are given in eV.

peak position

peak width

propane
(A)

1.7±0.2

l.l±0.1

n-butane
(B)

1.0±0.2

0.910.1

n-pentane
(Q

0.810.2

0.7±0.1

82



ENERGY DISTRIBUTION IN DISSOCIATIONS OF POLYATOMIC MOLECULES CHAPTER 4

DISCUSSION

Neutral mass spectrum
We will say a few words about the statistical theory of mass

spectra and its relevant consequences for mass spectra of highly
energetic molecules. In this theory, a polyatomic molecule is de-
scribed as an ensemble of oscillators which exchange energy freely
(energy scrambling). The central assumption is that each quantum
state is equally probable, as long as the total energy E (measured
above the reactant ground state) has the correct value. Therefore
the probability of a specific process can be determined by simply
counting the number of possible states of the system which lead to
this process. The manifold of these dissociating states is called the
transition state. Properties of a molecule in the transition state are
indicated by the superscript '$'. The rate constant k(E) for a frag-
mentation is proportional to the number of states W*(E*) in the tran-
sition state with energy up to the 'excess energy' E*, defined by
E*=E- DQ, where DQis the dissociation threshold. The normalization
constant is the total number of states with energy E. The dissocia-
tion rate constant k(E) is then given by:

k ( E ) .
hp(E)

S-l
(4.3)

where g is the multiplicity of the transition state in question (g=l
for reactions (B) and (Dl), g=2 for (A), (C), (D2) and (D3)). p (E)
- dW(E)/oE is the density of states of the reactant and h is Planck's
constant, which is the linear phase space element. S is the number
of bonds in the molecule, and v is the so-called frequency factor of
the reaction, often equated to the stretching frequency of the
breaking bond. In the approximate equation (4.3), the counting pro-
cedure tor the determination of W* and p is substituted by an analy-
tical expression for the number of combinations of S harmonic
oscillators.6
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From the multitude of possible dissociation reactions of alkanes,
only very few occur in dissociative charge exchange with alkali
atoms. All identified dissociations are direct fragmentations which
produce two alkyl radicals by breaking a carbon-carbon bond. No
'hydrogen shift' nor 'molecular loss' was observed in ,our experi-
ments. In table 4.3, the possible reactions of this type are listed to-
gether with their heat of formation. From this table it can be seen
that for butane and pentane only the lowest energy fragmentation
does occur. This fragmentation of butane and pentane via one dis-
sociation pathway only is at variance with the statistical theory
sketched above. The theory predicts for competing reactions with
similar frequency factors the intensity ratio at high internal energy
E to oe

• { - - }
E El

E-Do n S . i
(4.4)

E- D,02

If Doi=E>O2' or if EWDQJ, this intensity ratio will be roughly one
- the competing reactions have about the same intensitites. Hie two
alternative dissociation reactions marked 'X' in table 4.3 for propane
or butane are similar to the reactions (A) and (B), which do take
place and therefore will have similar frequency factors. In table 4.3
we see that for both compounds D Q J ^ D ^ . Thus equation (4.4) is
expected to hold: the intensity of all possible dissociation pathways
should be comparable. From the measured neutral mass spectra we
conclude that the dissociation pathways in butane and pentane are
incompatible with a statistical internal energy distribution process.
This difference in the rate constants of seemingly similar reactions
is astonishing. It suggests that already the neutralization step is se-
lective in populating the states leading to dissociation. We see that
only those dissociation channels are open where a central C-C-bond
of the molecule is broken. This might be an indication for a certain
selectivity in the neutralization and could point to the fact that the
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ionic charge is localized in the middle of the molecular ion. There-
fore the neutralizing electron transferred from the alkali would end
up in a well defined state of the reactant.

In contrast to the dissociation behaviour of the small alkanes, n-
hexane does show all three possible direct dissociation reactions (if
we assume that the unidentified fragmentation (D3) is dissociation
into two alkyl radicals).

It is striking that with decreasing chain length the alkanes show
increasing propensity for secondary fragmentation: in the neutral
mass spectrum of the propane+/Cs the baseline is raised, and in the
ethane+ /Cs experiment this process is the only one occurring. This
could indicate that internal energy after neutralization is higher for
smaller alkanes. This interpretation is in keeping with the measured
kinetic energy release £d, which is higher in the dissociation of
smaller alkanes: Ed should be determined by the internal energy.
This will be explained below (see equation (4.5)). Also from the
principle of resonant neutralization a higher internal energy is ex-
pected for the smaller alkanes (table 4.3, column 'excess energy').

Kinetic energy release

Neutralization to a repulsive state leads to fast reaction: the time
needed by the molecule to dissociate is of the order of a vibrational
period. If no dynamical effects occur, little interconversion from
electronic excitation energy to vibrational energy will occur.
Therefore the energy spectrum will display a single peak, of which
the position and width mirror the internal energy and its spread in
the neutralized molecule. The energy of this peak is simply given
by

e d =E* (4.5)
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assuming that no energy is lost as fragment internal energy. The

process has been demonstrated in dissociative charge exchange

experiments of Hj"1" and methylchloride cations, which are described

in chapters 1 and 3.

Neutralization to a bound state with energy higher than D o will
eventually lead to dissociation, too. During the lifetime of the ex-
cited molecule, energy will be redistributed over the vibrational de-
grees of freedom by anharmonic coupling. The average energy in
the fragment translation^ degree of freedom is lowered by this re-
distribution, the range of possible energies is broadened: the £d-
spectra are shifted to lower values and broadened. Furthermore,
this energy scrambling has the effect that the low energy onset of
the £d-spectra is insensitive to variations of the internal energy, pio-
vided the transition state is the same. A good illustration of these
influences of redistribution are the spectra of the dissociation of
CH3CO into CHj+CO.2 We refer to the appendix for the possible
additional example of n-hexane+ neutralized by sodium.

The £d-spcctra of the dissociative neutralization of

ions by cesium (N=3,4,5,6) and sodium (N=3,4,5) each show a sin-

gle narrow peak. These peaks (and thus their onset) are shifting if

different target gases are used. This is only possible if the internal

energy E and thus E* is changing for different targets (as expected

in resonant charge exchange, see equation (4.6) below). If this leads

to a change in ed: dissociation occurs via a repulsive state. This

conclusion is supported by the observation that only direct dissocia-

tion and no rearrangement dissociation takes place. The rearrange-

ment reaction takes more time, since a hydrogen shift is involved.

This time is not available in the fast dissociation via a repulsive

state.

The variation of the peak width (see figure 4.4) can be due to
several causes. According to equation (4.S), the kinetic energy re-
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lease is determined by the energy level of the repulsive state which

is populated by charge exchange. Therefore the width of the £d-

distribution is determined by the width of the distribution of reac-

tant internal energy. The probability that a certain level with energy

E is populated, is roughly determined by the product of the charge

exchange cross section Q(E-E0) and the Franck-Condon (FC) fac-

tor. The resonance energy Eo , measured above the ground state, is

given by

8 YuWDemkov, Soviet
Phys.JEJPU (1964)
138

E0=IP(AB)-IP(M) (4.6)

Q is dependent on the interaction li.ue and thus on die projectile ve-
locity v0. This is discussed in more detail in chapters 1 and 2 of this
thesis, where Q is given in the atomic two-level approximation 8 as

(4.7)

with a=ot2V2/hX.vo'
1, where A, is the coupling parameter of the two

>.vels. Q is a function centered around E=E0, and its width depends
mK--'y on v0. The variation in relative peak width for propane, bu-
tane end pentane ions of the same energy and thus of different velo-
city has been calculated by this equation. It is found that ion velo-
city cannot account for the observed effect. Another factor influen-
cing the ed-peak width is the steepness of the repulsive potential: if
it is steep, a larger energy range of this potential is FC-allowed, re-
sulting in a larger kinetic energy range and thus a wider peak. The
variation in the width of the energy peak therefore is consistent with
a repulsive potential which gets steeper as the alkanes get smaller.
This proposed difference in steepness of the repulsive potential is
also in keeping with the difference in peak position if neutralization
takes place with Cs or Na, respectively. This difference increases
as the carbon number N decreases (see figure 4.4A).
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Figure 4.4

Position and width (at half
maximum)/}} E^-peaks (in
sV) as function of carbon
number N in the
dissociation of
(cNH2N+2>+i°ns
neutralized by cesium
(N=3,4J5,6) and sodium
(N=3,4J). Cesium results
are indicated by +, sodium
results by A SA: Peak
position (error iO2eV).
SB; peak width (error
M.leV).
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This can be explained by considering the accessible range of in-
ternal energies, which is determined by the steepness of a repulsive
potential. Since the IP of Cs is lower than the IP of Na, neutraliza-
tion with Cs will take place preferentially to higher lying reactant
states within the FC-region than neutralization with Na (see equati-
on (4.6). If the potential is steeper, the energy levels populated by
either Cs or Na lie further apart. The limiting case is that both tar-
gets lose their electron resonantly: the energy between the levels
populated equals the difference between their IP's. If the range of
values of the reaction coordinate with appreciable FC factor is
known, then from the variation of the potential over this range
(which equals the variation of the £d-peak) the potential stepness
can be inferred. In this derivation we implicitly assume that the sa-
me repulsive state is responsible for the energy spectra that we mea-
sured with both target gases.

The measured kinetic energies are incompatible with what is
known about the electronic states of the reactant and the precursor.
In the following, we will work this out by considering the spectro-
scopically known states of the alkanes. We select n-pentane as
example. In the potential diagram (figure 4.5) the relevant energies
and states are shown. The corresponding energies for the other com-
pounds can be found in table 4.3.
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The energy of the repulsive states can be estimated from equa-
tion (4.5), if the dissociation limit (total fragment energy) is known.
The lowest dissociation limit is given by the sum of the heats of for-
mation 9 of the fragments: AHj(CjH7*-+Cyi;-) = (1.04+1.21)eV
=2.25eV. Considering only electronic states, the next possible dis-
sociation limit is the formation of one fragment in the ground state
and one in the lowest excited state. The lowest excited electronic
states of the ethyl and propyl radicals have been detected optically
at an energy of 5eV.1( } The first excited dissociation limit would
thus lie at (2.25+5)eV=7.25eV. This is only 1.6eV lower than the
heat of formation of the pentane ion (AHf(C5Hi2

+) = 8.85eV. 9 We
therefore reject the possibility of pentane fragments being formed in
electronically excited states. The same reasoning is applicable for
the dissociation reactions (B) and (Dl). The optical absorption of
the methyl radical is centered at 5.7eV,1J therefore this conclusion
also holds for reaction (A). Spectroscopic information about the
larger alkyl radicals which are produced in the hexane dissociations
(O2) and (D3) does, to our knowledge, not exist The spectra of lar-
ger secondary and tertiary alkyl radicals, published by Wendt and

Figure 4.S

Relevant energies in the
dissociative charge
exchange ofn-pentane ions
with cesium and sodium
atoms. All energies are
given relative to the ground
state of neutral pentane.
The levels indicated 'Cs'
and 'Na' are split: the
theoretical resonance
energies ('res') as given
by equation (4.6) and the
energy of the populated
stale ('exp') according to
equation (4.5) are shown.
The heat of formation of
(Cjif+CjHf). takenfrom
reference 9, is given as the
dissociation limit. The
measured kinetic energy
spectra (indicated 'M=Na'
and 'M=Cs') are drawn
with their zeroes coinciding
with the dissociation limit.

9 &.GJJas,J£Bartmess,
J.FZiebman,
J.F.Holmes, RDl*vin
andW.GMallard.
J.Phys. Cheat. Ref. Data
I7,suppl.l(1988)

10 HJt. Wendt and
HMMunzihtr, J. Chem.
Phys. 81 (1984)717

11 GJlerzberg.'Specm of
Polyatomic Molecules',
VanNostrandReinhold,
N.Y. (1966)
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Hunziker,Io suggest that in these cases the alkyl absorption charac-

teristics do not vary strongly with molecular size. We therefore

propose that no electronically excited fragments are formed in reac-

tions (D2) and (D3), either.

This leaves only the electronically lowest dissociation limit
(drawn :n the right half of figure 4.5 and labeled 'C^Hy+C^I^1) to be
discussed. The reactant state populated vertically (but not neces-
sarily resonantly) without rovibrational excitation lies at an energy
of E^+DQSS.O or 4.6eV above the ground state of cyclohexane
(AHf(C5H12)=-1.52eV), judging from the measured £d-values of, re-
spectively, £<j= E* = 1.2 or 0.8eV (levels 'exp' in figure 4.5). Expe-
rimental evidence for the existence of states close to this energy co-
mes, at lower energies, from electron transrrission spectra of penta-
ne films, in which around 4eV weak structure was observed.I2 At
higher energies, Brongersma and Oosterhofl"13 found resonances in
alkane vapours investigated by the 'trapped electron' technique.
Electron absorption set on typically leV below the onset of optical
absorption (which in pentane lies at 7.5eV 14). The trapped elec-
tron resonances were ascribed to triplet states. In similar experi-
ments 1S it was shown in heptane vapour that the onset for electron
absorption shifts to lower energies if the sample is heated (from 7.5
to 6.5eV if the temperature changes from 50' to 850', and the corre-
sponding vibrational thermal energy from 0.2 to 2.4eV). This was
interpreted as larger FC overlap between the thermally excited
ground state and the state resonant with the impinging electrons.

This would indicate that the structure of this triplet state is quite
different from the grouna state structure. It is however not clear if
theses reported triplet states are repulsive. Tims we cannot decide if
one of them is involved in the dissociative charge exchange of alka-
ne cations.

Even if one rejects this weak evidence for resonance around
5eV, the energy of the repulsive state, one cannot exclude from the
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spectroscopic results the existence of such states accessible to neu-
tralization of the ion. Absorption profiles of repulsive states are ge-
nerally broad and weak and are therefore difficult to detect Addi-
tionally, optical absorption and electron scattering probe vertical
transitions from the ground state, while charge exchange populates
states with an ioaic structure. If the structure of ion and neutral are
different, r.> utrahzation can take place vertically to low lying states
which remain undetected by optical absorption and electron scat-
tering. The presumably low cross section for such a process would
not influence our experiments, since the differential character of the
measurement eliminates background from undissociated molecules.

Table 4.3
Relevant energies for the dissociation reactions of neutral n-alkares AB into
two alkyl radicals A+B. Heats of formation AH, of the reactants and the
radical fragment pairs as well as the bond dissociation energy Do are given.
Energies are given in eV. Thermochemical data are taken from reference 9.

a 'normal'structures
assumed

b calculated as AH/A) +
4HfB)-AHj[AB)

c calculated as £*=%•

with M=Cs

d X: reaction not
observed

reactant

ABW

<¥%
CsHg

^-4H10

C6H14

reactant
heat of

formation

AHj(AB)

-0.88

-1.08

-1.31

-1.52

-1.73

ion
heat of

formation

MtyAB*)

10.66

9.87

9.24

8.85

8.42

products

A + B

CH3+CH3

CjHs+CH,

c3n,+ca3

Q^+CHg
CJHJ+CJH^

CjHy+CjH;
C4F^+C2F%
C5HU+CH3

product
heat of

formation a

AHj(A)+AHj(B)

1.51+1.51=3.02

1.21+1.51=2.72

1.04+1.51=2.55
1.21+1.21=2.42

0.78+1.51=2.29
1.04+1.21=2.25

1.04+1.04=2.08
0.78+1.21=1.99
0.54+1.51=2.05

bond
diss.

energy"

D 0

3.90

3.80

3.86
3.73

3.81
3.77

3.81
3.72
3.78

resonant
excess

energy0

E*

3.75

3.16

2.80
2.93

2.67
2.71

2.45
2.54
2.48

reac-
tion*1

X

A

X
B

X
C

Dl
D2
D3
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CONCLUSIONS
We have probed repulsive states of alkane cations, combining

dissociative charge exchange with differential translational spectro-

scopy. Dissociative charge exchange of pentane cations with

cesium and sodium atoms populates vertically a repulsive state

which has a energy of nearly SeV above the neutral pentane ground

state. This state dissociates, fast and without energy scrambling or

hydrogen rearrangement, the inner C-C bond. The position of the

breaking bond may indicate the position of the charge, in the ion. Si-

milar repulsive states exist in propane, n-butane, and n-hexane. The

energy of those states above the ground state is, respectively, about

6eV, 5eV, and 4.5eV. The steepness of the repulsive potential is

larger in the smaller alkanes. Dissociative alkane states in this ener-

gy range have to our knowledge not been reported before.
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APPENDIX
In the dissociative charge exchange of n-hexane with sodium,

evidence for the onset of statistical processes is found in the neutral
mass spectra and in the kinetic energy spectra. The mass peaks
were broader than in the case of cesium (compare figures 4.6 and
4.2); they are possibly made up from two peaks differing by one
mass. This would mean that rearrangement dissociations occur.
Furthermore the energy spectra shown in figure 4.7, especially, of
reaction (D2), show broadened peaks of the shape expected for sta-
tistical redistribution of internal energy.

1000 QH14
+/Na

0
0.5 0.6 0.7 0.8 0.9

relative mass of heavy fragment

1 2 0 1
kinetic energy release 8d [eV]

Figure 4.6

Experimental neutral mass
spectrum of n-hexane after
neutralization if the
corresponding ion by
sodium vapour.

Figure 4.7

Exjterimental e^spectra of
the dissociative charge
exchange reactions
indicated (Dl?) and (D2?)
in figure 4.6. The spectra
are composed from two
measurements with long

and short flight L. yielding
the low (<0.7eV) and high
ener&j (>0.7eV) part of

the spectrum.
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SUMMARY

In this thesis, we report on studies of fragmentation processes in
polyatomic molecules. The central questions are: which dissocia-
tion reactions take place, how are they brought about by the internal
energy of the reactant, what is the structure of the dissociating 'tran-
sition state'? Answers to these questions are seeked by identifying
dissociation pathways by the fragment mass and by determining the
corresponding kinetic energy release (KER). The KER-distribution
is a sensitive probe of the structure of the transition state and of
dynamic effects in the dissociation. These quantities are measured
by differentia] translational spectro-scopy using a position and time
sensitive two-particle coincidence detector.

The results are interpreted using the statistical theory of uni-
molecular dissociation. It turns out that the standard assumptions of
the theory, especially in calculating KER-distributions, are not
realistic in all molecules considered.

Dissociation is induced by the neutralization with alkali metal

vapour. Insight into this neutralization process in polyatomic ions

is gained: the process is strongly vertical and occurs preferentially

at energy resonance. Since targets with a lov. ionization potential

are employed, the reactant internal energy is high. This leads to the

population of otherwise inaccessible states - new reactions can be

induced and studied.

In chapter 1, the basic properties of dissociation reactions are
discussed. The two extreme cases of dissociation are introduced:
statistically, via a metastable state, and directly, via a repulsive
state. The statistical theory of unimolecular dissociations and its ap-
plication to the calculation of kinetic energy release distributions is
discussed. Extensions are made beyond the standard assumption
that the fragment translation after dissociation is simply the continu-
ation of the collinear motion before fragmentation. We derive ex-
pressions for the case that additional internal degrees of freedom (in
this case the skeletal bending mode) contribute to fragment transla-
tion. The theory is applied in chapter 3.



In chapter 2, the experimental method is exemplified by meas-
urements of D12-cyclohexane. The idea that the phase space vol-
ume for a direct cleavage reaction is larger than for a rearrangement
reaction, is confirmed both by the branching ratios (which is the tra-
ditional manner) and, much more directly, by the lifetime of the
transition state. The branching ratio is about one, although the
activtion energies of both kinds of reaction are quite different. The
lifetime is expressed by the parameter a which is derived from the
high energy side of the kinetic energy release distributions. We find
a=15 for the direct cleavage and o=25 for the rearrangement.

In chapter 3, CH3CI and CH3CO, two molecules of similar
structure but different electronic properties, are investigated. The
state populated by neutralization of methyl chloride CH3CI is a
repulsive carbon-chlorine orbital, causing the polyatomic molecule
to dissociate directly, which is a typical behaviour of a diatomic
molecule. One single value of the KER is observed: 2.4 and 3.0eV
for the Na and K target, respectively. The acetyl radical CH3CO,
however, dissociates into a methyl radical CH3 and a CO molecule
after statistical redistribution of internal energy (CT=7). The kine-
matics of the dissociation are reflected in the kinetic energy release
distribution: die skeletal bending vibration of the bent transition
state is shown to be converted into fragment orbital momentum,
which is measured as fragment kinetic energy. The bending mode
is selectively excited in the neutralization and does not exchange
energy efficiently before dissociation. These measurements are
some of the first to probe the transient dissociating transition state.

In chapter 4, dissociative neutralization of several n-alkanes
with alkali metals is shown to lead to new states and processes: only
direct dissociations of the C-C bonds are seen, while in a conven-
tional mass spectrum rearrangement reactions occur as well. The
dissociative states are repulsive; they have not been reported before.
The position of the states as well as information about their steep-
ness are derived from the kinetic energy release. The repulsive state
lies in propane at 6eV above the ground state, in butane and pentane
at SeV, and in hexane at 4.5eV.



SAMENVATTING

Het breken van vcclatomigc moleculen is het onderwerp van dit
proefschrift De belangrijkste vragen zijn: welke fragmentaties
treden op, op welke manier wordt de inwendige energie van het
aangeslagen molecuul gebruikt en wat is de vorm van het brekend
molecuul in de zogenaamde 'overgangstoestand'? Hierop worden
antwoorden gezocht door de massa en de vrijgekomen kinetische
energie ("kinetic energy release' of 'KER') van de ontledingsproduc-
ten te bepalen. De KER is sterk afhankelijk van de structuur van de
overgangstoestand en van het proces van energieverdeling in een
molecuul vóór de ontleding. De metingen zijn gedaan met de
methode van 'differentiële translatiespectroscopic'. Deze berust op
een bijzondere detector, die van twee fragmenten van één molecuul
de massa's en de onderlinge snelheid kan bepalen.

De uitkomsten van de experimenten worden geïntcrpreteeid met
behulp van de statistische quasi-evenwichtstheorie voor unimolecu-
laire ontledingen, welke goed voldoet voor het berekenen van
reactiesnelheden. Het blijkt dat met de theorie in zijn meest eenvou-
dige vorm geen KER-verdelingen berekend kunnen worden in over-
eenstemming met de gemeten verdelingen.

De aangeslagen moleculen worden geprepareerd door
neutralisatie van ionen met alkali atomen. Uit de experimenten is
veel geleerd over de overdracht van een electron van een atoom
naar een veelatomig ion: het proces verloopt zonder grote verande-
ring van de structuur van het km (Verticaal') en bij voorkeur
energieresonant Het alkali metaal dat een electron afstaat heeft een
lage ionisatiepotentiaal en daarom is de interne energie na neutrali-
satie hoog. Bepaalde electronische toestanden kunnen alleen door
neutralisatie bereikt worden. Dit maakt de metingen uniek.

In hoofdstuk 1 wordt een algemene inleiding gegeven. De ont-
ledingsmechanismen voor de twee uiterste gevallen worden ge-
ïntroduceerd: 'grote' moleculen met statistisch gedrag en "kleine'
moleculen welke direct ontleden. De statistische theorie van uni-
moleculaire ontleding en de daaruit voortvloeiende berekening van
kinetische cncrgüSn wordt bespreken. Het standaardmodel, dat stelt
dat de onderlinge snelheid van de fragmenten gegeven wordt door
hun beweging langs de reactiecoördinaat vóór de fragmentatie,
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wordt uitgebreid: we leiden vergelijkingen af voor het geval dat

meerdere interne vrijheidsgraden bijdragen tot de translatie van de

fragmenten. Dit wordt later in hoofdstuk 3 toegepast.

In hoofdstuk 2 wordt de meetmethode duidelijk gemaakt aan de

hand van het voorbeeld van gedeutereerd cyclohexaan. De resulta-

ten bevestigen het idee dat de faseruimte voor een directe breuk van

een C-C binding groter is dan voor een omleggingsreactie: de piek-

intensiteiten zijn vergelijkbaar bij verschillende activeringsencr-

giëen, en de parameter o (een maat voor de levensduur van de over-

gangstoestand) is «25 voor de omlegging en =15 voor de directe

breuk, o wordt uit het verloop van de hoge energiekant van de

KER-verdeling berekend.

In hoofdstuk 3 wordt een studie van CH3C1 en CH3CO gepre-

senteerd. De neutralisatie van CHjCl* vindt plaats naar een rcpul-

sicve toestand. Dit leidt in dit veelatomige molecuul tot een directe

dissociatie van de C-Cl binding, wat een bekend verschijnsel is bij

tweeatomig moleculen. De KER waarden zijn 2.4 en 3.0eV voor

neutralisatie met natrium en kalium. In tegenstelling hiermee breekt

het acetyl radicaal CH3CO pas na herverdeling van de interne ener-

gie in een methyl radicaal CH3 en een CO molecuul. De verdeling

van de vrijgekomen kinetische energie varieert van 0.2 tot bijna

3eV, met een minimum bij 0.8eV. De analyse van deze verdeling

leidt tot de conclusie dat de CH3CO overgangstoestand gebogen is

en dat in de fragmentatie de C-C-strek- en de C-C-O-tangtrilling

worden omgezet in translatie. De gevonden waaide van a~I duidt

erop dat de dissociatie ie snel verloopt voor een volledige sta-

tistische energieverdeling. Dit is een van de eerste experimenten

waarin de kortlevende overgangstoestand direct is gemeten.



SAMENVATTING

In hoofdstuk 4 worden dissociaties van kleine lineaire alkanen

(propaan, butaan, pentaan en hexaan) beschreven. Neutralisatie van

de alkaan ionen met cesium en natrium leidt tot de bezetting van tot

nu toe onbekende toestanden en tot bijzondere dissociatieprocessen:

de enige breuk die optreedt is de directe breuk van de C-C-binding.

De KER-verdelingen laten zien dat de onbekende toestanden rcpul-

sief zijn. De ligging en helling van deze toestanden worden afge-

leid: in propaan is de energie van de rcpulsieve toestand 6eV boven

de grondtoestand, in butaan en pentaan 5eV en ia hexaan 4.5eV.



ZUSAMMENFASSUNG

Zerfallsreaktionen von großen Molekülen weiden in dieser

Arbeit beschrieben. Verschiedene Fragen wurden untersucht:

welche Zerfalle treten auf, wie wird die innere Energie eines ange-

regten Moleküls verteilt, und wie sieht ein Molekül im 'Übergangs-

zustand' aus? In den Versuchen weiden die Massen und die frei-

gesetzte Translationsenergie der Fragmente ("kinetic energy release'

oder 'KER') bestimmt Die KER-Verteilung wird in erheblichem

Maße durch den Verteilungsprozess der innenn Energie und durch

die Struktur des Übergangszustandes beeinfiusst. Die Messungen

wurden mit der Methode der differentiellen Translationsspektro-

kopie durchgeführt Ein spezieller orts-und zeitauflösender Detektor

ermöglicht die Bestimmung des Massenverhältnisses und der relati-

ven Geschwindigkeit der beiden Fragmente eines Reaktanten.

Die experimentellen Resultate werden mit der statistischen

Quasiäquilibrium-Theorie interpretiert. Diese Theorie hat sich bei

der Bestimmung von Reaktionskonstanten bewährt, wir finden

jedoch, daß mit ihr, zumindest in ihrer einfachsten Form, KER-Ver-

teilungen berechnet werden, die nicht mit den gemessenen Vertei-

lungen übereinstimmen.

Die angeregten MolkUle weiden durch Neutralisation der ent-

spechenden Primärionen mit Alkaliatomen gebildet Die ausgeführ-

ten Versuche zeigen, daß Neutralisation großer Ionen ein Vertikaler'

Resonanzprozess ist, also ohne Änderung der Molekülstruktur ab-

läuft Da Alkaüatome eine niedrige Ionisierungsenergie haben, ist

die Anregungsenergie der neutralen Moleküle hoch. Die durch Neu-

tralisation besetzten Zustande sind häufig mit anderen Methoden

nicht zugänglich - unbekannte Reaktionen können untersucht wer-

den.

Im ersten Kapitel wird eine Einleitung in die für diese Arbeit

wesentlichen Parameter eines Zerfalls gegeben. Die zwei Extretn-

flüle werden besprochen: grafie Moleküle mit einem 'statistischen'

Verhalten und kleine Moleküle, welche über einen repulsiven Zu-

stand zerfallen. Die QuasifcniiUbrium-Tbeorie und die Berechnung

von KER-Verteilungen werden vorgestellt Wir verfeinem das ge-
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wohnlich verwendete Modell, daß die relative Geschwindigkeit der

Fragmente gegeben wird durch ihre Bewegung entlang der Reak-

tionskooidinate vor dem Zerfall: Gleichungen weiden für den Fall

gegeben, daß mehrere innere Freiheitsgrade in Translation umge-

setzt werden. Diese erweiterte Theorie wird bei den im dritten Kapi-

tel besprochenen Versuchen angewandt

Im zweiten Kapitel wird die neue experimentelle Methode am

Beispiel des D12-Cyclohexans vorgestellt Die Messergebnisse be-

stätigen die Vorstellung, daß der Phasenraum eines direkten Bin-

dungsbruches größer ist als der einer Umlagerung: die Piek-

intensitäten sind trotz verschiedener Aktivierungsschwellen von

derselben Größenordnung und der c-Parameter (ein Maß für die

Lebensdauer des Übergangszustandes) ist c»25 für eine Umlage-

rung und <i-»25 für einen direkten Bindungsbruch, o wied aus dem

Abfallen der KER-Verteilung zu hohen KER-Werten hin berechnet

Im dritten Kapitel werden Messungen an CH3C1 und CH3CO

besprochen. Durch Neutralisation von CH3C1+ wird ein repulsives

Potential besetzt. Methylchlorid zerfallt wie ein zweiatomiges

Molekül: man misst eine schmale KER-Verteilung bei 2.4cV (Neu-

tralisation mit Natrium) bzw. 3.0eV (Kalium). CH3CO zeigt ein

völlig anderes Verhalten: der Zerfall in CH3 und CO verläuft sta-

tistisch (o-7), die KER-Verteilung erstreckt sich von 0.2eV bis bei-

nahe 3.0eV, mit einem Maximum bei O.SeV. Diese Verteilung kann

mit der Kinematik des Zerfalls erklärt werden: die CCO-Beug-

schwingung wird in Fragmentbahnimpuls umgesetzt, welcher als

relative Geschwindigkeit gemessen wird. Aus der KER-Verteilung

kann man weiterhin schließen, dsß der Znfall zu schnell für eine

vollständige statistische Energieverteilung ist. Die beschriebenen

Experimente sind mit die ersten, die direkte Aussagen über den

Übergangszustand erlauben.
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ZUSAMMENFASSUNG

Im vierten Kapitel findet man eine Studie über den Zerfall von

Propan, Butan, Pentan und n-Hexan nach der Neutralisation der

Alkanionen mit Cäsium. Der Zerfall erfolgt durch bisher unbe-

kannte Molekülzustände. Aus den KER-Verteilungen kann man auf

einen repulsiven Charakter dieser Zustände schließen. Die Energie

dieses Zustandes ist in Propan 6eV über dem Grundzustand, in

Butan und Pentan SeV und in Hexan 4.5eV. Die beobachteten

Reaktionen sind ausnahmslos direkte Bindungsbrüche.
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NAWOORD

Hoewel de titelpagina van dit proefschrift maar één auteur ver-

meldt is hij ontstaan met de steun - in natuurkundig, technisch en

menselijk opzicht - van velen. Van hen wil ik in de eerste plaats

mijn promotor Joop Los noemen, die het in dit proefschrift beschre-

ven onderzoek heeft geïnitieerd en met steeds aanstekelijker

enthousiasme begeleid. Aan zijn inzicht heb ik veel te danken.

Jaap Beijersbergen is mij bij het meten tot steun geweest, maar mis-

schien belangrijker was zijn opvatting van wetenschappelijk wer-

ken, waarvan Bordeaux het beste voorbeeld is.

Dit proefschrift gaat over massaspectrometrie, translatiespectro-

scopie en grote moleculen. Van Piet Kistemaker heb ik de massa-

spectrometrie geleerd, van Wim van der Zande de translatiespectro-

scopie en van Ronald Hoogerbrugge de theorie van grote molecu-

len. Nico Nibberings enthousiaste lessen 'scheikunde voor fysici'

zijn onvergetelijk. Dit proefschrift is door Wims commentaar lees-

baarder geworden.

Zonder de inspanningen van Remko Brilman, Henk van den

Brink, Hans Dassel en Hans ter Horst had ik vermoedelijk geen

enkele dissociatie gemeten, en zeker niet in zo'n vriendschappelijke

sfeer. Ik ben met name Remko en Henk erkentelijk.

Hoewel ik me ervan bewust ben dat ik in herhaling verval, wil

ik toch benadrukken dat de sfeer op Amolf uiterst belangrijk is voor

het behalen van resultaten.

De promotieperiode en mijn verblijf in Nederland zijn makke-

lijk gemaakt door mijn collega's en vrienden. Hiervoor mijn dank,

vooral aan Joan van der Waals en aan Atie en Henk Boerboom.

Ich danke Ursel für ihre Geduld und Nicola für's layout Letzt-

lich verdanke ich alles meinen Eltern .
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