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Kinetic Energy Release Distributions in
Mass Spectrometry

1. Introduction

To achieve a detailed understanding of a reaction
taking place in a mass spectrometer many comple-
mentary experiments have to be performed and
analyzed. The reactant and product structures have
to be firmly established, the reaction thermochem-
istry must be measured, along with the microcano-
nical (or sometimes canonical) rate constant. In
addition to these investigations, a further measure-
ment can be carried out to answer the following

question. How does the energy in excess of the
thermochemical threshold for a dissociation reaction
distribute between the available degrees of freedom of
the fragments?

Statistical theories have been widely used to
calculate rate constants and energy distributions of
the fragments (/—4). These theories assume a
complete internal energy randomization before dis-
sociation takes place. They require that the rate of
intramolecular energy redistribution be large com-
pared with the dissociation rate. The system has then
reached a microcanonical equilibrium. The rate
constant formula emerging from the Rice-Ramsper-
ger-Kassel-Marcus (RRKM) or Quasi-Equilibrium
(QET) theories shows that two regions of the
potential energy surface are relevant: the reactant
region and the transition state (see Theory (Reac-
tions): Statistical Theories in Mass Spectrometry). In
a first approach, the choice of the transition state is
straightforward when a saddle point appears along
the reaction path. This is usually the case for an early,
also called tight, transition state, whose geometry is
akin to the reactant molecular ion, or to a reacting
intermediate if a multistep reaction is considered.
This involves necessarily a maximum of the potential
energy along the reaction coordinate and therefore a
so-called reverse activation barrier, i.e., a barrier for
the reverse association reaction. A statistical calcula-
tion of the rate constant in the absence of a saddle
point—i.e., in the case of a loose transition state—is
not straightforward and alternative solutions, such as
the variational transition state theory have then to be
applied (see Theory (Reactions): Statistical Theories
in Mass Spectrometry). On the contrary, the energy
distribution of the reaction fragments is mainly
governed by another part of the potential energy
surface, namely the fragment region. As far as
statistical approaches are concerned, rate constants
and energy distributions behave quite differently.
RRKM calculations work better for tight transition
states, whereas the fragment energy distributions for
many reactions proceeding through loose transition
states have been found to agree fairly well with
statistical approaches that assume that all exit
channels are equally probable when, in addition,
energy and momentum conservation laws are taken
into account. In the presence of a reverse activation
barrier, however, dynamical interactions between the
receding fragments are significant and the purely
statistical theories are no longer appropriate. To
summarize: (i) both the rate constant and the energy
partitioning are essential probes into the potential
energy surface governing the reaction; and (ii) some
insight can be gained by comparing the predictions of
a statistical theory with the experimentally deter-
mined energy distributions. As a matter of fact, it can
be shown that the fragment energy distributions are
much more sensitive to any deviation from the
statistical hypotheses than the rate constant (4).
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2. Kinetic Energy Release Distributions of
Fragment Ions (KERD)

The energy in excess of the thermochemical threshold
for a dissociation reaction can be partitioned among
all the degrees of freedom of the fragments (see lon
Spectroscopy.: Product State Distributions). The latter
include the relative translation of the receding
particles as well as the rotational, vibrational, and
possibly electronic motions associated with each
fragment (Fig. 1).

A complete characterization of the energy parti-
tioning would require determining a very cumber-
some probability distribution,

P(ngr: EV7 Eel|E)

where E is the excess energy with respect to the
dissociation asymptote, E,, E,, and E.; are, respec-
tively, the rotational, vibrational, and electronic
energy of the fragments, and ¢ is the relative
translational energy. Except for very simple, mostly
triatomic systems, this complete information is not
available experimentally. One must focus instead on a
specific degree of freedom. In mass spectrometric
experiments, the distribution of the relative transla-
tional energy of the receding fragments is the
accessible observable (/, 5). It can be defined as
follows:

E—¢
P(e|E) = /0 dE,
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Figure 1

Energy disposal in the unimolecular dissociation of a
polyatomic ion.
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More simply, the translational energy distribution of
the fragments results from the integration over all
degrees of freedom that are not measured in the
experiment. This distribution is usually referred to as
the “kinetic energy release distribution” of the
fragments or even more briefly under the acronym
KERD. The notation P(¢|E) is to be read ‘‘the
probability of releasing a relative translational energy
¢ if the total internal energy is E”.

The next section will be devoted to the experi-
mental methods available to determine such KERDs,
but before addressing this question, we shall become
familiar with the concept by considering a first
example and comparing it with a statistical estimate.
Let us consider a simple bond cleavage, such as the
Ce¢Hsl ™ - C¢Hs" +1 dissociation, characterized by a
monotonic increase of the potential energy along the
reaction coordinate, such as the situation depicted in
Fig. 1. When this reaction is studied in the micro-
second time frame, an appropriate handling of the
experimental data leads to a kinetic energy release
distribution such as the one displayed in Fig. 2. This
KERD resembles more or less a Boltzmann distribu-
tion, with an initial steep rise followed by a
maximum and an exponential decay at higher kinetic
energies. Now, how does this compare with a
statistical calculation? As we shall see later, several
approaches are possible. Let us start from the
simplest possible approach, involving only energy
conservation and leading therefore to the least biased
distribution. If only statistics is involved, all possible
states of the fragments that correspond to a given
internal energy E will be populated with equal
probability. These different states correspond to all
possible partitions of the available energy E on the
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Figure 2

Kinetic energy release distribution for the metastable
loss of iodine from the iodobenzene cation. Solid line:
experimental. Dashed line: prior distribution (Eqn. (3)).
Dotted line: fit to the maximum entropy distribution (see
text).
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degrees of freedom of the dissociated ion. Their total
number is p(E). Imagine that an energy ¢ has flown
into the relative translational motion. The energy
stored in the remaining degrees of freedom, i.e., the
internal degrees of freedom of the fragments, is E—e.
Therefore the most statistical distribution function is
given by:

P(8) pini(E —¢)

0 _
PEIE) == (5)

©

and is referred to as the “prior distribution”,
indicated by the superscript zero. In Eqn. (2), p(¢)
is the density of translational states at relative kinetic
energy ¢. In other words, it is equal to the number of
ways the translational energy can be partitioned
among the three translatlonal degrees of freedom. It
is proportional to gl (I 6). pinl(E—¢) is the density
of states for the separated fragments. It represents
the number of combinations generated by the
different partitions of the energy E—&¢ among the
internal degrees of freedom of the fragments.
Eqn. (2) can then be rewritten:

PO(e|E) = A(E) ¢ pi (E —¢) 3)

A(E) ensures that the distribution is normalized to
unity, i.e., fo P°(¢|E) de = 1. Figure 2 also shows this

distribution calculated for the I loss reaction from
ionized iodobenzene at the most probable internal
energy sampled under the experimental conditions.
The prior distribution reproduces the general Boltz-
mann-like shape of the experimental data but it is
clearly wider. Such differences will be discussed and
made use of later in the paper.

If, however, a reverse activation barrier is present,
the situation differs somehow from the previous
picture. Figure 3 shows a typical example: the
distribution is shifted towards higher kinetic energies,
indicating a preferred release of the reverse activation
barrier as relative translational motion.

3. Experimental Determination of the Kinetic
Energy Release Distribution of the Fragments

In order to determine experimentally the kinetic
energy release distribution, P(¢|E), for a given
reaction, it is necessary to record the ion signal as a
function of a parameter that depends on the relative
translational energy of the fragments. In practice,
the translational energy is monitored in the labora-
tory reference frame, whereas the required informa-
tion is concerned with the center-of-mass frame,
i.e., the reference frame linked with the disso-
ciating molecular ion. When comparing different
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Figure 3

Kinetic energy release distribution for the metastable loss of HF from 1,1-difluoroethene cation: H,CCF5" —
HCCF " 4 HF. Inset: experimental peak profile in the laboratory frame.
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experimental methods, three major criteria have to be
considered.

(i) Ideally, the internal energy of the molecular
ion, E, should be well defined. In practice, however,
one deals with a more or less narrow distribution of
internal energies, T(E). The experimentally available
KERD is then an average over T(E):

Ple) = / " PLIE) T(E) dE (4)

(i1) Translational energy resolution is the second
critical point that determines the reliability of the
KERD.

(iii) Angular discrimination effects are known to
skew the distribution. When important amounts of
translational energy are imparted to the fragments in
directions perpendicular to the optical path of the
spectrometer, these particles are severely deflected
and usually not collected. Correction procedures
have to be introduced then.

The advantages and drawbacks of three main
experimental approaches will now be summarized.

3.1 Mass-analyzed Ion Kinetic Energy Spectroscopy
(MIKES)

Such experiments are realized in a sector mass
spectrometer consisting, in a minimal configuration,
of a magnet followed by an electrostatic analyzer.
Parent ions are accelerated in the ion source to a
translational energy of a few kiloelectronvolts and
then selected according to their mass-to-charge ratio
by the magnet. They dissociate in the field-free region
between the two sectors, either spontancously or
because of collisional activation, and the Kkinetic
energy distribution of the ionic fragment is monitored
in the laboratory frame by scanning the voltage
across the plates of the electrostatic sector, hence the
name mass-analyzed ion kinetic energy spectroscopy
(see Thermochemistry (Methods): The Correlation of
Thermochemical Data). As a result of the release of
relative translational energy, the signal corresponding
to a given fragment ion is broadened and the KERD,
P(¢), has to be extracted from this broadened peak
(7, 8). This technique has been mostly applied to
study metastable dissociations (7), i.e., the dissocia-
tion of ions that possess an internal energy such that
they dissociate spontaneously within the microsecond
time scale, which is required for the ions to reach the
field-free region. Note that such KERD determina-
tions can also be performed on conventional geome-
try sector instruments, where the -electrostatic
analyzer is followed by the magnet, by scanning the
source acceleration voltage, or by linked scanning of
the magnetic field and of the field of the electrostatic
analyzer. Let us now examine the three criteria
mentioned above.
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(i) Metastable ions are time-selected. As the rate
constant depends on the internal energy, this time
selection leads to an internal energy window. The
latter is bell-shaped, slightly skewed and is given by
the following equation:

Ti(E) = B(E)IZ((E)) [e—k(E)n _ o kB

I~ B(E)(‘L’z — ‘[l)kj(E)e—k(E)f (5)

where k(E) =3 k;(E) is the decay rate constant,
k/(E) is the rate constant for the dissociation into the

Jj-th channel, 7, and 7, are the entry and exit times of

the dissociating ion in the field-free region, and
7 =432 B(E)is a normalization constant. The width

of T(E) depends on how fast k(E) increases with E.
For the halogen loss from ionized halogenobenzene,
it is typically in the 0.5-1.0eV range. For the H, loss
from ethylene or ethane ions, it is closer to 0.1eV.

(ii)) The translational energy resolution in such
experiments is excellent. This results from the fact
that the kinetic energy release, which can be as small
as a few millielectron volts when considered in the
center-of-mass frame, is much larger in the labora-
tory frame where the ion travels with a large (a few
kiloelectron volts) translational energy. For a dis-
sociation such as m;" —m," + mj, the kinetic energy
release in the molecular frame, ¢, is related to the
energy release in the laboratory frame, A, by the
following equation (7):

mi 2

e=—— A (6)

- 4m2m3 q Vucc

where ¢ is the elementary charge (g=1.60210""C),
and V,.. is the ion source acceleration voltage. This
equation shows that the kinetic energy release in the
laboratory frame is amplified compared to its value in
the molecular frame by a factor related to the square
root of the acceleration voltage. As an example, the
metastable iodine loss from ionized iodobenzene,
already considered, leads to an average kinetic energy
release of about 50meV, depending on the experi-
mental conditions. If the molecular ion is accelerated
to 8000 eV, the energy release in the laboratory frame
will be equal to 50eV. If the energy resolution of the
electrostatic analyzer in the laboratory frame is set
equal to 1eV (resolving power=_8000), then the
resolution in the center-of-mass frame will be 2 meV
in this case.

_ (i) For small kinetic energy releases, the KERD,
P(¢), can be obtained by differentiating the Gaussian-
like ion signal in the MIKE spectrum (laboratory
frame) and by switching from variable A to ¢ ().
Such a simple procedure is not valid when discrimi-
nation effects are significant. This is particularly
relevant in the presence of a large reverse activation
barrier leading to substantial kinetic energy release.
The peak shape in the MIKE spectrum is then dished
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(Fig. 3, inset). The fragment ion peak shape has to be
fitted to a linear combination of basis functions
corresponding each to a well-defined ¢ value. A basis
function represents the peak shape that would be
observed if only a single value of ¢ was released. The
coefficients of the expansion of the peak profile on
the basis functions give the KERD (9). As this
procedure is relatively time-consuming, different
simplified procedures have also been developed to
handle this difficulty (10, 11).

3.2 Photoelectron—Photoion Coincidence
Spectroscopy

This technique, known under the acronym PEPICO,
has been developed to study the dissociation of
internal energy-selected molecular ions (see Ion
Spectroscopy.: Photoelectron Spectroscopy, Threshold
Photoelectron Spectroscopy, and Pulsed Field Ioniza-
tion). The most useful version of this spectroscopy is
the so-called threshold-PEPICO technique, which
uses a variable wavelength photon source, e.g.,
synchrotron radiation, and where photoions are
detected in delayed coincidence with zero-kinetic-
energy electrons. Recent zero-kinetic energy techni-
ques lead to resolutions better than 1 meV (see also
Ion  Spectroscopy:  Photoelectron — Spectroscopy,
Threshold Photoelectron Spectroscopy, and Pulsed
Field Ionization). The mass analyzer part of a
PEPICO spectrometer is usually of the time-of-flight
type (see Instrumentation: TOF and RTOF). As in the
MIKES technique, the release of translational energy
leads to a dispersion of velocities and thus of flight
times, resulting in a broadening of the fragment ion
peaks. The flight-time width, W, is related to the
center-of-mass average kinetic energy release, (¢), by
the following equation (/2):

(€)

3 m m
! (ancc)z W2 __2<Eth> (7)

~ 16In2 moyms ms

in which ¢ is the elementary charge and FE,. is the
extraction field of typically a few to a few tens of
Vem™'. (Ey) is the average thermal energy of the
parent ion. To extract the KERD, the time-of-flight
peak shape is fitted to a linear combination of basis
functions, as in MIKE spectroscopy (13).

The major advantage of this experimental ap-
proach is the excellent internal energy resolution. The
major drawback is the poorer kinetic energy resolu-
tion. Compared with the MIKE spectrum, the
amplification factor is smaller, because of the limited
extraction field: compare Eqns. (6) and (7). As a
consequence, the influence of the parent ion thermal
energy is not negligible and deconvolution cannot be
avoided.

Discrimination effects can be severe at higher ¢
values, especially with the moderate acceleration

fields required to maintain a good internal energy
resolution. They must be taken into account in the
basis functions.

On the whole, the time-of-flight threshold-PEPICO
approach gives access to KERDs of lower quality
than MIKES but with a very good energy selection.
For such experiments, it is sensible to trust mainly the
first moment of the distribution, i.e., the average
kinetic energy release (¢).

3.3 Retarding Field Translational Ion Spectroscopy

In this technique (/4), ions are produced by photo-
ionization at fixed wavelength, using mainly a rare
gas discharge lamp. Various resonance lines can be
used, e.g.,, Hel (21.21eV), Nel (16.67¢V and
16.85eV), Arll (13.47eV). The ions are submitted
to a retarding field within the ionization chamber
before they enter a quadrupole mass analyzer. As the
retarding potential is scanned upwards, ions of
increasing kinetic energy are prevented from reaching
the detector. This generates an ion retarding potential
curve from which the KERD can be extracted by
numerical differentiation associated with a procedure
correcting for angular discrimination effects. A
correction procedure has been validated on the basis
of ion trajectory simulations (75).

The kinetic energy resolution is limited by the
thermal energy of the parent ion. For small KER
values, this requires a deconvolution procedure. For
this purpose, the retarding field spectrum of the
parent ion is taken as the apparatus function.

The internal energy range sampled in this kind of
experiment is wide, but known, ranging from the
dissociation threshold up to the energy of the
resonance line. The internal energy distribution
sampled for a given dissociation process is given by
the photoelectron spectrum recorded with the same
resonance line multiplied by the branching ratio for
the dissociation channel investigated.

4. The Average Kinetic Energy Release

The average kinetic energy release already provides
useful global information, which can be used in
ion thermochemistry and as a diagnostic tool for
ion structural analysis. In the early days of MIKES,
a conventional g5 (often denoted as Tjs) value
was defined by inserting the half-width of the
metastable peak into Eqn. (6). Although quite
arbitrary, this simple definition provided a reference
value that could be used to distinguish, e.g., the
dissociation of two isomeric ions. For a pure
Gaussian MIKE profile, ¢ 5 is related to the average
KER, (¢):

(e) =216 605 (8)
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As the experimental peak profiles are rarely purely
Gaussian, deviations from this relation are frequent.
Today, the best way to obtain (¢) consists of first
determining the full distribution and then calculating
the average KER, i.e., its first moment, which is a
very robust quantity:

E
(= [ o PGIE) ds )

To illustrate the use of the average KER to
distinguish between isomeric ions, we shall consider
three examples involving small organic ions. Let us
start with the two following isomers, CH;CH,OCH,"
and CH;CHOCH;", which can both fragment by
metastable loss of H,O and C,H, (/6). For
CH;CHOCH;", both fragmentation channels have
the same appearance energy. The average KER for
the C,H, loss from CH;CH,OCH," is equal to
17meV. For CH;CHOCHS', (&) is equal to 56meV.
For the water loss, these two values become 43 meV
and 69 meV, respectively. The average KER is thus
systematically larger for the CH;CHOCH;" precur-
sor. The simple evaluation of (¢) thus allows us to
distinguish between the isomers. From a mechanistic
point of view, these data can be interpreted by a two-
step dissociation for CH;CHOCH;": a slow H-shift
leads to CH3CH,OCH, , which then dissociates
rapidly. The isomerization barrier lies higher than
the dissociation asymptote.

The isomerization and dissociation chemistry of six
different isomers of CsHyO ™ ions has been recently
investigated (/7). The three lowest energy structures
are: CH;CH = CH—C " (H)OCH3;, denoted (1) in the
following, CH,=CH-C*(CH3)OCH; (2) and
CH, = C(CH3)—C*(H)OCH; (3). The major disso-
ciation channel for these three ions in the metastable
window is the loss of formaldehyde (H,CO) with a
branching ratio of about 0.75. Collisional activation
experiments as well as isotope labeling show that no
facile interconversion takes place between the three
species. Their metastable peaks are Gaussian-like and
the average KER increases in the following sequence:
M>B)>Q).

Let us now turn to collisionally activated dissocia-
tions (CAD). Hydrocarbon isomeric ions are indis-
tinguishable in many mass spectrometric experiments
(electron impact ionization, collision-induced disso-
ciations). It has been recently demonstrated that
KER measurements may provide a solution in some
instances. s-C4Hg™ (CH;CH,CHCHj5") ions behave
differently from #~-C4Hg" ions ((CH3);C ™) when they
lose CH3 upon collisional activation with O, (/8). In
the former case, the average KER is equal to
500 meV—a flat-topped peak is observed—whereas
it reaches only 90meV in the latter case. This
diagnostic behavior does not show up when He is
the target gas. This is interpreted as reflecting the
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non-Franck—Condon character of the collisional
activation process.

Another structural application of the average
kinetic energy release is concerned with the structure
of large doubly charged molecular ions (/9) (see also
Collisional Activation and Dissociation: Multiply
Charged Ions). Because of the Coulomb law, a charge
separation reaction is associated with an asymptotic
repulsive potential and with a large kinetic energy
release. From the value of the average KER and from
the known internuclear distance dependence of the
Coulomb potential, an estimate of the intercharge
distance can be deduced. This information provides
clues about how flexible or rigid the molecular chain
being investigated is.

As far as the mechanism of a chemical dissociation
is concerned, it is enlightening to examine how the
average KER varies with increasing internal energy.
Different statistical approaches have been developed
to calculate this variation. One recent approach is
based on the maximum entropy method (20) and we
delay its discussion until we have presented the basics
of this formalism. A popular formula has been
derived by Klots (1, 5, 21). The idea behind Klots’
formula is that, for a large enough molecular ion, the
number of internal degrees of freedom of the
fragments is sufficient to compare this set of
oscillators and rotators to an energy bath in
equilibrium with the reaction coordinate. This bath
is then characterized by an effective temperature 7.
This procedure amounts to replacing a microcanoni-
cal equilibrium, which is strictly speaking the appro-
priate model, by a canonical equilibrium. This is
sensible only if the bath size is large enough.
Considering the reaction coordinate as a very low
frequency vibration leads to:

() = kT* (10)

According to statistical thermodynamics relation-
ships, we may also write:

« r—1 « d hv,-
E=kT"+ > kT +27

where r is the number of fragment rotors. s is the
number of vibrational degrees of freedom of the
fragments, each of them being characterized by its
normal frequency v,. From these two equations, it is
possible to calculate numerically (&) vs. E (Fig. 4). At
high kinetic energies, i.e., at high effective tempera-
tures, vibrations behave classically and (&) becomes
proportional to E, a fact already recognized a long
time ago by Haney and Franklin (22). The simple use
of (10)—(11) makes it quite popular in detecting
nonstatistical behavior in unimolecular dissociations.
The F loss reaction from CH3F ™ illustrates this point
(23). At energies up to 1.5eV above the threshold, the
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Relationship between the average kinetic energy release
and the excess energy according to Klots’ Eqn. (11) for a
barrierless C¢gHsX ™ — CgHs" + X reaction.

measured average kinetic energy release agrees fairly
well with the predictions of Eqns. (10)—(11). At
E=1.5¢eV, (¢) increases suddenly and reaches values
close to 90% release of the internal energy into
relative translation. This behavior lasts up to
E=2.5¢eV. After that, the average KER tends to
level off. This nonstatistical behavior is thought
to result from a fast direct decay along the repulsive
potential energy surface of the A excited state. The
transition from a statistical to an impulsive dissocia-
tion mechanism when switching from one electronic
state to another one has been observed in a series of
fluorobromomethane ions (24).

5. The Full Kinetic Energy Release Distribution
(KERD): Survey of Statistical Models

The average kinetic energy release (¢) already
provides us with useful information of structural
and dynamical relevance. A more detailed analysis,
however, requires consideration of the full distribu-
tion and confrontation with different theoretical
models. When a Gaussian-like peak shape is observed
in the laboratory frame, the resulting Boltzmann-like
KERD is usually compared with a statistical calcula-
tion. One aims at getting some insight into the
efficiency of intramolecular energy randomization.
Different statistical variants exist. They are all based
on the same general principle: all exit channels are
equally probable provided the appropriate constants
of motion are conserved. However, in order to
implement this idea, specific ingredients have to be
added. Let us briefly review them.

5.1 The RRKM Approach

According to the definition of the transition state, no
energy transfer takes place once the associated critical
hypersurface, which irreversibly separates the reac-
tant from the fragments, has been crossed. The
translational energy is assumed to arise entirely from
the energy stored in the reaction coordinate. The
KERD then reflects the energy partition at the
transition state and is given by Eqn. (12).

YE-Ey—¢)

_p
P(¢|E) = NE- ) (12)

E, is the zero-point energy of the transition state.
,o:t (E—Ey—c¢) is the density of states of the

transition state at energy E—Eo—e. Ni(E—EO) is
the number of states of the transition state whose
energy is smaller than or equal to E—E, This
distribution peaks at zero kinetic energy. It is not
appropriate when there is no reverse activation
barrier (loose transition states). For tight transition
states, it does not behave properly at energies located
between the thermochemical threshold and E,. Exit
channel interactions and, for H atom loss reactions,
tunneling result in nonzero probabilities in the range
between 0 and E,. For these reasons, the use of Eqn.
(12) is not recommended.

5.2 The Prior Distribution

We have already met this formulation. In the prior
distribution, only one constant of motion is intro-
duced: the total available energy E. Therefore, all
states of the pair of fragments at total energy E are
equally probable. Translational energy is released in
the three space dimensions and the kinetic energy
release distribution is given by Eqn. (3). As is
observed for simple cleavage reactions, the distribu-
tion starts at zero and goes through a maximum at
nonzero kinetic energy (Fig. 2). Although it is some-
times presented as a crude model, it is best to reserve
its use for comparison purposes with the actual
KERD (see Section 5.4 below).

5.3 Phase Space Theory

The various phase space approaches (25-32), as
well as the Statistical Adiabatic Channel Model
(SACM) (33), conserve energy and also include
conservation of angular momentum. This latter
point is not at all trivial, because it is governed by
the way some bending vibrations—called transi-
tional modes—convert into individual rotations of
the fragments and into fragment orbital motion. In
most real life cases, the necessary information is
lacking. One must then rely on models describing the
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interaction between the receding fragments, which
are themselves treated as atoms or as spherical or
linear rotors. The basic idea of phase space theory is
to connect the observables associated with a
dissociation reaction with the more readily available
cross-section for the reverse process, i.e., recombina-
tion of the fragments, using the principle of
microscopic reversibility. A more detailed presenta-
tion of phase space theory applied to dissociations
occurring via orbiting (loose) transition states is
presented later in this chapter.

5.4  The Maximum Entropy Approach

Another approach is based on information theory
(34, 35). The strategy consists of comparing the
experimental KERD with the least biased statistical
estimate, i.e., the prior distribution. From this
comparison, information can be extracted on the
nature of the dynamical constraint(s) governing
the dissociation as well as a quantitative estimate of
the amount of phase space that is effectively sampled.
In other words, this methodology allows us to
tell how far away from microcanonical equilibrium
the system is. The key concept of this approach is the
maximum entropy principle: among all possible
distributions that could reproduce the experimental
data, the most reliable inference is that of maxi-
mum entropy taking the dynamical constraints into
account.

5.5 Problems Linked to the Presence of a Reverse
Activation Barrier

In the presence of a reverse activation barrier, the
statistical approaches usually fail badly. The two
contributions to the excess energy (i.e., the reverse
barrier and the nonfixed energy) give rise to quite
different energy disposals (36). Exit channel interac-
tions, which are ignored in the statistical theories,
play a central role in the partitioning of the reverse
activation barrier. A substantial fraction of the
reverse barrier potential often converts into relative
translational energy in a nonstatistical way. Classical
trajectories represent one appropriate approach to
account for this behavior (37, 38). The maximum
entropy formalism has also been applied to such
situations (36, 39).

6. Phase Space Theory for Orbiting Transition
States

We now present, in more detail, phase space theory
(PST), which is particularly suitable in the case of
loose transition states in ionic dissociations, i.e.,
when the potential energy curve monotonously
increases along the dissociation path. The key
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advantage of this formalism is that angular momen-
tum is explicitly taken into account. All decay
channels are considered to be equally probable
provided energy and angular momentum are con-
served. The theory, initially developed by Light and
Pechukas (25), has several variants resulting from the
works of, in particular, Chesnavich and Bowers (26,
27, 28) and Klots (29, 30, 31). Phase space theory can
be considered as the limiting case of a more general
theory developed by Troe (31).

We consider a molecular ion with total angular
momentum J, which dissociates into fragments with
rotational angular momentum j and orbital angular
momentum 1. This can be easily visualized for the
dissociation of a linear triatomic species ABC ™ —
AB™" +C in a nondegenerate electronic state. J is
the rotational quantum number of ABC™, j is the
rotational quantum number of AB™, and / is the
quantum number associated with the orbital motion
of C around the center-of-mass of AB™. Note,
however, that the mathematical derivation that will
be outlined later in this section is not limited to this
specific situation. Consider the recombination pro-
cess, AB" +C—»ABC™ and assume that the long-
range potential between AB™" and C is spherically
symmetric. We may then integrate over the angular
coordinates and, when this is done, we are left
with an effective potential, Ver( R), which consists of
two terms, an attractive contribution dominated by
the ion-induced dipole term and a repulsive con-
tribution, equal to /(I + 1)h*/2uR? (u is the reduced
mass of the AB" +C pair). A potential barrier,
called the centrifugal barrier, results from these
opposite contributions (Fig. 5) (see Theory (Reac-
tions): Ion—Molecule Collision Theory). A so-called
orbiting transition state (OTS) is then associated
with the saddle point induced by this barrier. Note
that OTS is an extremely loose transition state
whose location is /-dependent. The phase space
theory version that will be outlined here is based on
the assumption that the energy partitioning at the
orbiting transition state governs the product energy
distributions. Most importantly, the orbiting energy
at the transition state is adiabatically converted into
fragment translational energy. In other words, / is
assumed to be a good quantum number in the
fragment region. To summarize, the orbiting transi-
tion state phase space theory makes the three basic
assumptions:

(i) the long-range potential is spherically sym-
metric;

(ii) the orbiting transition state is located at the
top of the centrifugal barrier; and

(iii) orbital energy is adiabatically converted into
fragment translational energy.

The kinetic energy release distribution of the
fragments can be expressed as the rate constant for
producing the fragments with translational energy ¢
and total angular momentum J divided by the total
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Figure 5

Long range isotropic effective potential for the CqHe™ —
C¢Hj3™ + H reaction according to Eqn. (16). Three values
of [ are illustrated.

dissociation rate constant at given E and J:

k(e, E,J)
with k(E,J) = [k(e, E,J) de

The first key idea of phase space theory is to calculate
the dissociation rate constant from the reverse, i.c.,
recombination, reaction, according to the microscopic
reversibility—also called detailed balance—principle
(6). This principle states that for a given process, ¢ —
f, the forward and reverse rate constants at energy F,
kyp and kpg,, are related as follows:

kac/fnzx = k{fzx”/f (14)

where 7, and ng are the densities of states of the
reactants (o) and the products (f) at total energy E. The
dissociation rate constant can then be calculated pro-
vided the densities of states are known as well as the
recombination rate constant. The second key idea of
phase space theory applied to ionic dissociations is to
use the Langevin capture cross-section (26-29) as the
basic ingredient for calculating the rate. If o(j, e—J, E)
denotes the recombination cross-section of fragments
with a rotational angular momentum ; colliding at
translational energy ¢ to form the parent ion entity with
total angular momentum J, then the corresponding

recombination rate constant can be written:

2¢
(e, j> E, J) = <f

1/2
) i) 0s)
where the first term on the right side is the relative
velocity of the fragments, v,

Langevin theory is primarily concerned with the cap-
ture process between a structureless ion of charge equal
to ¢ and a structureless polarizable neutral particle
(polarizability equal to o) at relative kinetic energy e.
The effective interaction potential is then equal to:

aq? I(I+1)1
32n2el R* 2uR?

Veir(R) = (16)

where & is the permittivity of vacuum
(e9=8.854 x 10~ 2Fm) (see Theory (Reactions):
lon—Molecule Collision Theory).

The Langevin approach assumes that capture
will take place when the relative kinetic energy is
large enough for the colliding pair to overcome
the centrifugal barrier. For a selected kinetic
energy, this requires that / be smaller than /. =
(l/h)((ocqzuza)/(2n28%))l/4. Stated in classical me-
chanics terms, only trajectories with an impact
parameter b smaller than byax = lnax/(UVre) Will be

captured. The Langevin cross-section is then equal to
(26-29):

Imax

z:y+ P(j,I—J) (17)

=0

a(j,e—~J,E) =

P(j,l—J) is the probability that j and / combine to
yield the total angular momentum J. Now, what we
are actually interested in is not the recombination
cross-section for fragments in a given (j, ¢) state. In
fact, we only want to specify the total fragment
rotational energy, E,, and, of course, the relative
translational energy, ¢. If j and / are supposed to vary
continuously, Eqn. (17) becomes:

/ didj p(E,, j

nh
- 2//‘& pro(EthJ) (18)

o(E.,e—J,E) =

If only one fragment can rotate, as in the AB* +C
case, j is the rotational quantum number of AB™
and, in the classical limit, E.= B] , where B is the
rotational constant. In Eqn. (18), p(E:,j) is the
rotational density of states of the pair of fragments
whereas p,,(E;,¢,J) corresponds to the rotational-
orbital density of states, because it results from an
integration over both the rotational quantum number

j and the orbital quantum number /. The precise

expression for p(E;, j) depends on the nature of the
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fragments and can be inferred from tables provided
in the literature (I, 26) for several situations: linear
rotor +atom, spherical rotor+atom, two linear
rotors, etc. The integration in Eqn. (18) has to be
performed over the portion of the (j, /) space where
the following conditions are fulfilled.

(i) / and j have to combine to J. This requires that

|J —jI<I<T +j (19)

(ii) / cannot exceed /. defined earlier.

(iii) j cannot exceed jy.x according to total energy
conservation: E, < FE—e.

These conditions are usually summarized in the
diagram shown in Fig. 6, where the shaded area
corresponds to the allowed (j, /) space.

Basically, p,,(Er,¢,J) in Eqn. (18) involves a
simple counting of all possible rotational (j) and
orbital (/) states of the orbiting transition state that
can lead to a pair of fragments with the appropriate
J, E,, and ¢ values. The crux of the matter is that the
orbital energy of the transition state is converted into
relative translational energy of the fragments. The
interplay between / and j imposed by the quantum
mechanical angular momentum coupling rules leads
to the essential consequence that rotation may no
longer be separated from relative translation as was
the case in the RRKM theory and for the prior
distribution (see Eqns. (3) and (12) above).

40 —

30

~ 20—

10 (=j=J

(=3-]

Figure 6

/—j coupling in a recombination process, at relative
translational energy &, into a species with total angular
momentum J. The shaded area represents the allowed
(1, j) space (see text). The maximum value of j is
governed by energy conservation. The maximum value
of [ is determined by the relative translational energy.
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The previous, somewhat lengthy discussion allows
us now to calculate what we really need, i.e., k(¢, E, J).
From the microscopic reversibility Eqn. (14), it
follows that:

gfrag (J)

k(e, E,J) = ————"—
@B ) = (BT

E—¢
< [ Ko B E) pi o) pa(E — B - 5) B (20)
E

where p, and py;, are, respectively, the translational
and vibrational density of states of the fragments.
Preact(E, J) 1s the vibrational density of states of the
reactant and ggae(J) is the rotational degeneracy. The
rotational density of states of the fragments is hidden
in k; (see Eqns. (15) and (18)). The integration over E;
is required as the rotational energy is not selected in a
KERD measurement. The lower integration limit,
EM™", can be understood easily from Fig. 6. If [, is
smaller than J, then a minimum value of j—and thus
of E,—is required to yield J upon coupling with /. If
Imax 1s larger than J, then EM™" = 0. Using Eqns. (15)
and (18) and the expression for the translational
density of states of the fragments per volume unit,

3/2,1/2
o) = 21

we obtain the following result:

_ gfrag(J)
KB s ET)

nE—¢
X / pvib(E - Er - B) pro(Er787 ']) dEr
E:\Hﬂ

(22)

Finally, introducing (22) into (13) and replacing the
denominator by a normalization constant A(E, J),
leads to the kinetic energy release distribution.

P(¢|E,J) = A(E,J)

~E—¢
X / pvih(E —E - 8) pro(Ehgv J) dE;
E:nm

(23)

Let us now compare the results of the three
formalisms, Eqns. (3), (12), and (23). All three of
them contain densities of states, a fact reflecting the
statistical nature of these approaches: all allowed exit
channels are a priori equally probable. What makes
the three treatments different is the nature of the
constants of motion that are accounted for. In the
prior distribution, no transition state is introduced,
or, what is in fact equivalent, it is assumed to be
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shifted to an infinitely large value of the reaction
coordinate. The only constant of motion introduced
is the total energy. The translational density of states
is lofgically assumed to be tridimensional, i.e., it varies
as ¢'?. The RRKM approach (Eqn. (12)) amounts to
considering that the energy stored in the reaction
coordinate at the transition state is converted into
two-dimensional fragment translational energy. This
two-dimensional motion results from the conserva-
tion of orbital angular momentum in the asymptotic
region, where the interfragment potential can be
considered as spherically symmetric. The energy
partitioning at the transition state—normally a more
or less tight transition state—therefore determines the
kinetic energy release distribution. No translational
density of states appears explicitly in Eqn. (12) as it is
a constant for a translation constrained in a two-
dimensional space. Equation (23) displays a few
interesting features. The phase space theory/orbiting
transition state (PST-OTS) approach locates the
transition state at the maximum of the centrifugal
barrier. J is explicitly conserved and / is considered to
be conserved from this orbiting transition state up to
the fragments. As already emphasized, the coupling
scheme between / and j makes the rotational and
translational motions interdependent. There is still
another essential consequence of the conservation of /
from the orbiting transition state. Like the prior
distribution, the PST-OTS distribution starts at zero
because, for each value of /, the kinetic energy
released is at least equal to the centrifugal barrier.
Figure 7 compares the kinetic energy release
distribution for the C¢HsBr ™ — C¢H3™ + Br dissocia-
tion calculated using the prior formalism and the
phase space theory approach for J=0. This is the
simplest situation, which can be appropriate for
photodissociation experiments but not in the case of
ion—-molecule reactions. In this particular case, the /—;

CgHgBr* -> CgHs™ + Br

10 Excess energy = 1.0 eV

a8 -~ prior distribution

% 6 — phase space theory — orbiting transition state (J= 0)
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a1 §
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Figure 7

Calculated kinetic energy release distributions for the
Ce¢HsBr ™ — C¢Hs" + Br reaction at excess energy
E=1¢V. Dashed line: prior distribution. Solid line:
PST-OTS distribution for J=0 according to Eqn. (23).
Dotted line: distribution calculated for J=0 using Eqn.
(25).

coupling scheme requires that /=; (Eqn. (19)). This
comparison illustrates the effect of the conservation
of angular momentum. Because of the large mass and
polarizability of the bromine atom, the long-range
attractive potential dominates and the centrifugal
barrier has only a minor influence, so that the KERD
is only marginally depleted at small values of ¢. Note
that the phase space approach usually treats—as we
did for Fig. 7—nonlinear rotors as spherical rotors,
with an effective rotational constant equal to
(BXByBZ)l/ 3, where B, By, and B, are the rotational
constants of the considered asymmetric top.

Klots has developed (21, 29-31, 40) a version of the
orbiting transition state phase space theory based, as
already mentioned, on a canonical interpretation of
the energy bath associated with the vibrational degrees
of freedom of the fragments. This leads to Eqn. (11).
For a spherical rotor—spherical rotor +atom dis-
sociation with J equal or close to zero, he derived
Eqn. (24), which can be written as formula (25) in the
case of a Langevin long-range potential (40):

P(e|]T™) = A(T™) exp(—%)
X [1 —exp (7%7%")} (24)
PE|T) = A(T") exp( o)

B o PP e 1/2
. {1 TP Tk (2 2 &l (25)

A(T*) is as usually a normalization factor. When
centrifugal effects do not dominate, relations (24) or
(25), used together with Eqn. (11), provide us with an
easy-to-handle alternative to Eqn. (23). The compar-
ison is illustrated in Fig. 7. For ¢ values close to zero,
(25) reduces to P(¢|T*)oc &'/? exp(—e/kT*) and
contains therefore the same &'/ increasing factor as
the prior distribution.

As already alluded to, the consequences of angular
momentum conservation are very dependent on the
mass and on the polarizability of the neutral
fragment. In the case of a light nonpolarizable atom
such as hydrogen, the repulsive contribution of the
effective potential dominates and leads to a severe
depletion of the kinetic energy release distribution at
small values of &. This is illustrated in Fig. 8. For
dissociations via loose transition states, it is generally
observed that the kinetic energy release distributions
are Boltzmann-like and can accordingly be fitted to
the empirical form &"exp(—fe) with 0<n<1. For the
iodine loss in Fig. 8, n=0.13 whereas n=0.90 for the
H loss. These observations provide a rationale for
Klots’ so-called “‘model free approach™ (47), which
uses precisely this generalized Maxwell-Boltzmann
relation. For highly polarizable fragments, the effect
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Kinetic energy release distributions for the C¢gHsI ™ —
Ce¢Hs"™ +1 (solid line) and C¢Hg — C¢Hs' + H (dotted
line) reactions, calculated by PST-OTS (J=0) at excess
energy E=1¢V. For the H loss reaction, the / structure
of the distribution is clearly visible, a result of the large
centrifugal barriers.

of the centrifugal barrier is nearly vanishing and » is
close to zero, a situation that can be described as a
“two-dimensional Boltzmann distribution”. For H
loss reactions, n is close to 1: this corresponds
formally to a four-dimensional distribution. For
fullerenes, Lifshitz found values close to 0.5 (5, 42)
(see Solvation and Clusters: Covalent Clusters of
Group 14 Elements).

7. Applications of Phase Space Theory

Phase space theory has been used as an extremely
popular predictive or comparative tool to analyze
both reaction rate constants and fragment energy
distributions. For reactions without reverse activa-
tion barrier, the comparison of phase space predic-
tions with the experimental data is often rewarding.
A few recent examples include the dissociations of the
bromo- and alkylbenzene cations (43—45). In the
presence of a reverse barrier, it has been suggested
that the kinetic energy release distribution should be
written as the convolution of the respective contribu-
tions of the reverse barrier and of the nonfixed energy
(i.e., the amount of energy in excess of the barrier).
The latter is then evaluated using phase space theory
and a deconvolution procedure yields the contribu-
tion of the reverse barrier (46).

Generally speaking, phase space theory suffers, of
course, from the assumption of isotropic long-range
forces. This weakness can be particularly stringent for
the dissociation of strongly bound molecular species.
For weakly bound noncovalent species, however,
spherically symmetric long-range potentials are much
more appropriate. Emphasis has been put in the last
decade on the analysis of the fragmentations of van
der Waals molecules and of clusters. An interesting
application concerns the determination of binding
energies. Fitting the observed kinetic energy release
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distribution obtained by photodissociation to phase
space theory makes the determination of the excess
energy possible. This excess energy is then subtracted
from the photon energy providing us with the
required binding energy. An early example is the
N,OH " eOH + iv—>N,OH ™' + OH reaction, which
has been analyzed to yield a binding energy of 1.2eV
(47). For many clusters, however, the dissociation
mechanisms can be complex, leading to at least
bimodal distributions that cannot be modeled by the
phase space formalism.

The analysis of the kinetic energy release distribu-
tions is instrumental to characterize organometallic
ion-molecule reactions (48), such as M7T +
C,H,,, »—»M™"(C,H,,)+ H,, where M is a transition
metal. Here again, fitting the observed kinetic energy
distribution to the statistical phase space prediction
leads to a determination of the bimolecular reaction
enthalpy. From this result and from the known
enthalpies of formation of the reactants and of H,,
the bond energy in M *(C,H,,) can be inferred. It
must be mentioned here that for such bimolecular
processes, a more sophisticated phase space formalism
than the one outlined in this article is required. Three
transition states are included in the calculations: two
orbiting transition states corresponding to the en-
trance and the exit channels and a tight transition state
governing the competition between the possible decay
paths of the M ™ (C,H.,, ») adduct: dissociating back
to the reactants or evolving forward to the products.

Thermochemical information on clusters and ful-
lerenes can be inferred from the analysis of kinetic
energy distributions using Klots’ finite heat bath
theory (49). The idea is to deduce the effective
temperature 7% from a fit of the experimental data
to Eqn. (24). This effective temperature is then related
to the so-called isokinetic bath temperature via a
formula involving the so-called Gspann parameter
and the heat capacity. Trouton’s relation is then used
to calculate the binding energy. Discussions can be
found in the literature as to the most appropriate
value for the Gspann constant. The uncertainty
associated with this value is the major weakness of
this approach. This methodology has been used
extensively to analyze experiments involving full-
erenes, including endohedral ones (see Solvation and
Clusters: Endohedral Complexes of Fullerenes and
Mass Spectrometry; Solvation and Clusters: Covalent
Clusters of Group 14 Elements), and various ionized
clusters (50, 51): carbon clusters, ammonia and xenon,
negative cluster ions, rare gas clusters, etc. (see
Solvation and Clusters: Small Molecular Clusters).

8. The Maximum Entropy Formalism: The Basic
Ideas

The vantage point of the maximum entropy meth-
odology is different from what has been described up
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to now. Rather than trying to predict as well as one
can the kinetic energy release distribution and then
comparing it to the verdict of the experiment, the aim
will be to quantify the discrepancies between the
observed distribution and an appropriate prior
expectation. The formalism is borrowed from in-
formation theory (34, 35). The basic idea can be
expressed as follows. We observe the probability that
an ion with total excess energy E will release a
translational energy & on the fragments upon
dissociation. This defines a macrostate (¢/E). If no
dynamical constraint governs the dissociation, the
energy partitioning will be dictated only by the
number of microstates corresponding to the selected
macrostate. The distribution corresponds then to the
prior one, P°(|E), given by relation (3). This
distribution is of maximum entropy as its informa-
tion content is minimal. (Entropy is often referred to
as the “missing information”.) In real life, however,
the dissociating ion travels through phase space
regions where dynamical constraints operate and
bias the energy partitioning. The maximum entropy
formalism exploits the idea that among all of the
distributions that reproduce the experimental data,
the most unbiased choice is characterized by the
largest entropy subject to the appropriate dynamical
constraints. This maximum entropy distribution can
be obtained by using the undetermined Lagrange
multiplier technique.

In principle, the conservation of total angular
momentum should be taken into account, so that the
macrostate should be labeled (¢/E, J). The most
entropic distribution to consider as the starting
point would then have to be that predicted by phase
space theory (Eqn. (23)). However, phase space
theory is fraught with uncertainties concerning
the use of the Langevin model and hardly qualifies
as an absolutely reliable starting point. Therefore,
the prior distribution, which conserves only energy,
has to be adopted (35). Energy conservation
is straightforward, angular momentum is not, so
that, at the present stage, the most secure and least
biased approach is to take Eqn. (3) as the reference
point.

The maximum entropy methodology can be
summarized by the following sequential steps.

(i) Calculate the prior distribution, using Eqn. (3).
This requires knowledge of the vibrational-rotational
densities of states of the fragments.

(i1) Introduce the dynamical constraints. A dis-
sociation process can be prevented from being fully
statistical by the operation of one or possibly several
physical parameters that strongly influence the
dynamics. For translational energy released in the
fragmentation of ions, it has been observed that the
linear momentum of the separating fragments (which
is proportional to the square root of the kinetic
energy) is, as a rule, the appropriate constraint. This
means that the actual KERD is related to the prior

distribution by the following equation:
P(¢|E) = e Pe1VePO (| E) (26)

where A9 and A; are Lagrange multipliers whose
function is to convert the prior distribution into the
actual KERD.

Equation (26) suffices in most cases. In more
complex situations, several constraints might operate
and we might have to use a more complicated
function such as:

P|E) =e e "2 PEE)  (27)

where n; and n, are appropriate powers.

(iii) Except when the parent ions are energy-
selected, as in PIPECO experiments, it is necessary
to average Eqns. (26) and (27) over the parent ion
internal energy distribution 7(E) as expressed by
Eqns. (4) and (5). The resulting equation is then fitted
to the experimental data to determine the Lagrange
parameters.

(iv) Compare the entropy of the actual distribu-
tion to that of the prior one. The general relation for
the entropy of a continuous distribution P(¢|E) is:

o E &
S =~ /O P(¢|E) In E ((b“gﬂ de (%)

p(e, E) is the density of states for a translational

energy equal to ¢ and a fragment internal energy

equal to E—¢ for the other degrees of freedom.
Inserting (26) or (27) and (3) into (28) leads to:

S(E) = S°(E) + 7o + A1 <s]/2> (29)

or, possibly,

S(E) = SUE) + 2o + 2 (™) + Ja(e™) + ... (30)
where SO(E) is the entropy of the prior distribution
and (¢'/?) is the average value of the constraint ¢'/*.
The entropy deficiency with respect to the prior
situation, DS(FE), is thus equal to:

DS(E)

= S°(E) — S(E) = —Jg — M< 1/2> (31)

By definition, DS is greater or equal to zero.
(v) The entropy deficiency is related to the fraction
of fragment phase space that is effectively sampled, F:

F(E) = exp|-DS(E)] (32)

This approach makes therefore possible both the
identification of the dynamical constraint(s) govern-
ing the dissociation process and a quantitative
evaluation of its statistical character. In that sense,
F has also been called an “ergodicity index”.
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9. The Maximum Entropy Formalism:
Applications

As far as the unimolecular dissociation of ions is
concerned, the maximum entropy methodology out-
lined above has been applied mostly to simple bond
cleavages. A detailed analysis of the halogen atom
loss from ionized iodo-, bromo-, and chlorobenzene
in the microsecond time range led to the conclusion
that 70-80% of the energy accessible phase space
was sampled (52). See again Fig. 2 for a comparison
between the prior distribution, the experimental one
and the fit of the latter to Eqn. (26) in the CcHsI T —
Ce¢Hs™ +1 case. The missing 20-30% results from a
dynamical constraint identified, as already men-
tioned, as the square root of the fragment relative
kinetic energy, i.e., to the relative linear momentum.
The associated Lagrange parameter, 4;, is positive,
which means that less kinetic energy is released than
a priori expected. This observation can be related to
a quantum interpretation of the dissociation me-
chanism. Such bond cleavages can be understood as
resulting from a vibrational predissociation, i.c.,
from a process where the energy initially deposited in
optically active modes flows into dissociation modes
because of anharmonic couplings. Stated in other,
but equivalent words, the key quantity governing the
energy flow process is the coupling between two
kinds of states: those where the vibrational modes
perpendicular to the reaction coordinate are highly
excited and those associated with a large energy
content in the reaction coordinate. This latter energy
correlates with the relative translation energy of the
fragments, e. The coupling efficiency is found to
decrease exponentially with the square root of ¢. This
coupling scheme has been investigated particularly in
the case of the vibrational predissociation of van der
Waals molecules, where it is known as the “momen-
tum gap law” (53).

Does a reaction become less or more ergodic
when internal energy is increased? This question
has been investigated by the maximum entropy
method (20, 54). For the bromine loss of ionized
vinylbromide and for the iodine loss from the
ethyliodide cation, the ergodicity index is found first
to decrease and then to increase again (Fig. 9). This
return to a statistical situation at higher internal
energy can be linked to the nonselectivity of the ion
preparation step. By either photoionization or
electron impact, a collection of electronically excited
states are initially populated, which then undergo
rapid (107'*s) internal conversions to the ground
state via complex pathways. Only after this first step
does dissociation takes place. The nonadiabatic
internal conversions lead to a multitude of initial
conditions for the nuclear trajectories that explore
phase space before dissociation. In addition, non-
adiabaticity is synonymous with vibronic coupling,
i.e., involves a strong tendency to randomize the
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Figure 9

Fraction of sampled phase space as a function of the
excess energy E. The experimental data from which this
information is inferred have been obtained using the
retarding field method with various resonance lines used
to generate the ions: Hel (solid line), Nel (dashed-dotted
line) and Arll (dashed line). The open symbols
correspond to data derived from the TPIPECO work of
Miller and Baer (55). The dot at E~0 shows
experimental results for metastable decomposition.
Adapted from (54).

internal energy (see Theory (Reactions): Non-adia-
batic Reactions).

Even if the full distribution is not known with high
accuracy, some information can be inferred from the
knowledge of the first moment, i.e., the average
kinetic energy release. The following general relation-
ship exists between the excess energy, the average
kinetic energy release and the ergodicity index (20):

(&) __a -
f_m(uce Ps) (33)

y is the product of the excess energy E and the
logarithmic derivative of the density of states at this
energy. a, b, and c¢ are constants related to the energy
dependence of the density of states. If the latter
increases as the exponential of E'?, then a=0.059,
b=0.48 and ¢=1.85. The fraction of phase space
sampled can then be determined from a measurement
of (¢) versus E, provided the density of states has
been previously evaluated.

This approach is also promising for situations
involving a reverse activation barrier. In this case, the
excess energy has two origins: the reverse barrier (Ey,)
and the energy on top of this barrier (E—E}), often
called the nonfixed energy. Both will contribute to the
observed kinetic energy release but with different
probabilities. A simple additive scheme has been
suggested (36):

(&) = a By + b(E — Ey) (34)
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Values of a of the order of 45-50% have been found
by the maximum entropy method for the production
of acyclic phenyl ions from protonated fluorobenzene
and its perdeuterated analogue (39). Such high values
are in keeping with data obtained for other systems
and by other techniques. For the H, loss reaction
from CH,NH;", 46+6% of the reverse activation
barrier is channeled into relative translation (38). An
even larger value—about 75%—has been found for
the H, loss from CH,OH* (37).

10. Concluding Remarks

The analysis of the energy disposal in fragment ions,
in particular the average kinetic energy release and
the full kinetic energy release distribution, provides
us with important clues concerning the reaction
mechanism. The resulting information can be of
different kinds:

(i) structure of either the reactant ion or the
dissociation products;

(i1) thermochemistry of the dissociation process,
from which binding energies can be inferred;

(iii) information on the statistical character of the
reaction; in particular, the maximum entropy form-
alism leads to an ergodicity index exp(—DS) that
measures the fraction of phase space effectively
sampled by the fragments;

(iv) role of angular momentum conservation in the
energy partitioning; the presently available models
are, however, restricted to spherically symmetric
long-range potentials and are thus particularly
appropriate for the dissociation of weakly bound
complexes. Clearly, additional work is required in
this area to better take into account the role of
transitional modes in the dissociation mechanism;
and

(v) information on the partitioning of the reverse
critical energy in elimination reactions involving a
tight transition state; in such cases, the usual
statistical models fail and alternative approaches are
required.
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