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Abstract

Energy is not always fully randomized in an activated molecule because of the existence of dynamical constraints. An analysis of kinetic energ;
release distributions (KERDSs) of dissociation fragments by the maximum entropy method (MEM) provides information on the efficiency of the
energy flow between the reaction coordinate and the remaining degrees of freedom during the fragmentation. For example, for barrierless cleavag
large translational energy releases are disfavoured while energy channeling into the rotational and vibrational degrees of freedom of the pair
fragments is increased with respect to a purely statistical partitioning. Hydrogen atom loss reactions provide an exception to this propensity rule
An ergodicity index,F, can be derived. It represents an upper bound to the ratio between two volumes of phase space: that effectively explorec
during the reaction and that in principle available at the internal enérd@ye functionF(E) has been found to initially decrease and to level off
at high internal energies.

For an atom loss reaction, the orbiting transition state version of phase space theory (OTST) is especially valid for low internal energies, low
total angular momentum, large reduced mass of the pair of fragments, large rotational constant of the fragment ion, and large polarizability of th
released atom. For barrierless dissociations, the major constraint that results from conservation of angular momentum is a propensity to confir
the translational motion to a two-dimensional space. For high rotational quantum numbers, the influence of conservation of angular momentur
cannot be separated from effects resulting from the curvature of the reaction path.

The nonlinear relationship between the average translational erierggnd the internal energ¥ is determined by the density of
vibrational—rotational states of the pair of fragments and also by non-statistical effects related to the incompleteness of phase space exploratio

The MEM analysis of experimental KERDs suggests that many simple reactions can be described by the reaction path Hamiltonian (RPH) mode
and provides a criterion for the validity of this method.

Chemically oriented problems can also be solved by this approach. A few examples are discussed: determination of branching ratios betwee
competitive channels, reactions involving a reverse activation barrier, nonadiabatic mechanisms, and isolated state decay.
© 2005 Elsevier B.V. All rights reserved.
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1. Statistical methods in mass spectrometry Equivalently, the energetically available phase space is said to

be uniformly sampled within the lifetime of the molecular ion.
For the last 50 years, mass spectrometrists have made grdatstill more esoteric terms, the molecular ion is said to have

efforts to rationalize fragmentation patterns and breakdowmeached a state of microcanonical equilibrium, or to be close to

graphs by various statistical models that are all based on a corit; hence the denomination “quasi-equilibrium theory” (QET)

mon assumption. The internal energy deposited in a moleculardopted by Rosenstock and coworkjgis

ion is expected to be completely randomized before dissociation However, full energy randomization in an activated molecule

[1-4]. When this is the case, the reaction is declared ergodican be prevented by dynamical constraints. The conservation
of total angular momentum has often been invoked, but less
obvious conservation laws or propensities might exist. In fact,
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tunately, this is not necessary. Statistical models will work in3. OTST
spite of the existence of dynamical constraints if phase space is
representatively sampled. 3.1. Basic assumptions

lonic systems are characterized by a long-range interaction
2. Of the importance of studying KERDs potential. Therefore, a central-field assumption describing the
interaction between a point charge and an induced dipole can
To what extent is this ergodic assumption supported by expeRe expected to provide a reasonable starting point for barri-
imental data on ionic unimolecular dissociations? erless unimolecular reactions (i.e., when no reverse activation
To discuss criterions for non-ergodicity, it is essential to dis-Parrier is encountered along the reaction path). The location of
tinguish between the study of the rate constants and that dhe centrifugal barrier depends on the value of the orbital angu-
the product energy distributions. The study of kinetic energyar momentum. Several assumptions and limitations have to be
release distributions (KERDs) offers considerable advantageitroduced to make the model tractable.
As shown by many authors, with Chava Lifshitz at the fore- Let us restrict to the particularly Simple case of reactions
front [1,6-12] KERDs are more sensitive than rate constantgvhere the fragments can be modelled as a spherical or linear top
to deviations from statistical expectations. The reason is easil§arrying a positive charge interacting with a polarizable atom.
seen. The argument proceeds as follofts3,10,15-22]
Let us denote a®(¢|E) the probability of generating frag-
ments with a relative translational energy equat ibE is the (1) An effective potentialVes(r) is generated by adding a
internal energy, measured in excess of the dissociation threshold. quasidiatomic centrifugal term and a rotational term to
Then, the spherically symmetric potential that characterizes the
charge-induced dipole interaction:

kgis{E, &)  kdisE, €)

FelE) = foE kdiss(E, €) de "~ kais{E) @ Ve(r) = 2 * 2ur? + B @

whereq is the polarizability of the noncharged partner,
the ionic chargey the reduced mass of the fragmeritthe

quantum number of their orbital motio®, the rotational
constant of the charged fragment gnslits quantum num-
ber. The effective potentidfes(r) has its maximum when

where kgisE, ¢) denotes the detailed translational-energy
resolved rate constant (expressed in units enértigne1).

By contrast, the usual rate constatis{(E) (expressed in
unitstime 1) provides an integrated (and thus less sensitive)

mformatl_on. the fragments are separated by a distagegual to

The dichotomy between the observablgs{E) andP(s|E)
is paralleled by another one, which concerns the two well- (glqu)l/z
established statistical theories of unimolecular reactions with ¢ = —— 7= 3)
which mass spectrometrists are familiar. The first one is ) )
the Rice—Ramsperger—Kassel-Marcus (RRKM) thdara], The I_(ERD can be expected to be reliably _calcula_ted only if
which is practically identical with QET4]. The second one, the distancec islarge enough to be located in aregion where
first proposed by Klot§13,14] but mainly developed by Ches- Eq. (2) is valid, i.e., where the assumption of an isotropic
navich and Bowers in an impressive series of paf&s19} is ion-induced dipole potential is reliable. E@®) shows that
a variant of phase space theory that studies reactions involving 1a79€ values of are a cause for concern.
very loose orbiting transition states (OTS). Itis hereafterdenoted 1 he Orbiting energy at the transition state
OTST[1,3,10,15-22] Each theory is particularly adapted to a 474
specific type of experiment. Vefi(rc, £) — Bj? (4)

. L - 8ulag?
The RRKM-QET theory predicts the variation of the

unimolecular rate constant with internal energy. Since a isassumed tobe adiabatically converted into fragmenttrans-
transition-state calculation requires consideration of the prop- lational energy.

erties of the system at short values of the reaction coordinat¢2) OTST is based on the principle of microscopic reversibility
i.e., up to the ftransition state only, it assumes short-range (alsotermed detailed balance theorg¢in)3,20—-22] which
forces and strong intermode couplings. By contrast, OTST establishes a relationship between the unimolecular trans-
is especially suited for calculating KERDs. It focusses on lational energy-resolved dissociation rate conskapi(E,
long-range weak interactions between separating fragments ¢) and the rate constant of the recombination reactien

at asymptotic values of the reaction coordinate. The angular which is proportional to the capture cross sectiggy:
momentum of each fragment as well as that generated by thefB) An expression foscaptcan be formulated provided that the
relative motion, termed the orbital motion, play a leading role  total angular momentuni: (which is strictly conserved) is,

in the formulation of these interactions. Let us now review the  in the entire region extending from the maximumigf; to
basic assumptions of OTST and discuss briefly their validity  an infinite distance between the fragments, expressible as
domain. the vectorial sum of two individual momentg, (rotational
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angular momentum of the neutral fragment), aa¢angular
momentum deriving from the orbital motion of the pair of
fragments). This can only be true if the centrifugal barrier
occurs at very large interfragment separations so that both

¢ andj may be assumed to remain good quantum numbers The purpose of the present review is to discuss an alter-
in the range fc, +o0). native strategy, in addition to predictive theories like RRKM

The fragments are captured (or the fragmentation take@nd OTST. It will be shown that the maximum entropy method

4. Maximum entropy method

4.1. General presentation

place) if two conditions are fulfilled:
(&) The angular momentum must be conserved, i.e.,
J—jl<t<J+j )

and

(MEM) makes it possible to identify the presence of dynamical
constraints from an analysis of experimental KERR%-31]
Chava Lifshitz was the first to recognize the power of the newly
developed methof¥]. The strengths of the MEM approach can
be summarized as follows.

(b) the translational energy must be high enough to over{l) As noted, e.g., by For482], transition state theory uses

come the centrifugal barrier:
& > Vet(re, £) — Bj (6)

Furthermore, it can be demonstraf2d] that the previous
equations lead to as’2 threshold law for the/-resolved
KERD, PotsT(¢|E, J)

lim._.o Porst(¢| E, J) o< £*/?

()

3.2. Range of validity

A detailed study of the conditions of validity of OTST applied

toionic dissociations has been recently carried 22k It agrees
with other investigations on neutral fragmentatif2y. In qual-

)

itative terms, the conclusions can be summarized as follows.
OTST loses progressively its validity when the internal energy

E and the total angular momentwhincrease, and when the
reduced masg, the rotational constam of the molecular frag-
ment, and the polarizability of the released atom decrease.

A more detailed appraisal has been made in the particular case
of fragmentations leading to a phenyl cation plus an atom stud-
ied in the metastable time window of a sector mass spectrometer
[22]. OTST is quantitatively reliable for the dissociation of the (3)
iodobenzene ion only, provided that the reaction is studied at
internal energies as low as possible, i.e., preferably in the second
field-free region of a reverse geometry instrument. The theory
is of qualitative value only for reactions leading to the release
of a bromine or chlorine atom and is no longer valid when a
hydrogen atom is released. At higher internal energies, the coi4)
straints resulting from the conservation of angular momentum

have been showf24,25]to be inextricably intermingled with

those resulting from the curvature of the reaction path. This point

will be more fully developed in Sectios.2
For these reasons, the conclusions reached by Lim [@6].

who apply phase space theory to the dissociation of the bro-
mobenzene ion on a nanosecond time scale, sometimes consid-
ering internal energies as high as 10 eV seem to us questionable.
The inadequacy of OTST at too high energies may explain why
this theory is unable to provide an adequate fit to the experimen-
tal data unless the critical energy of the reaction is taken as an

adjustable parameter.

the methods of equilibrium statistical mechanics in what is
basically a nonequilibrium situation. (Hence, the “quasi-"
restriction in QET.) The same remark applies to OTST
because of its use of the principle of microscopic reversibil-
ity. By contrast, MEM remains valid for nonequilibrium
situationg27-31] It is free from the shortcoming that con-
stantly worried Rosenstodk] when he was expounding
his quasi-equilibrium assumption: “The extent of nonequi-
librium is debatable. . It must be emphasized that the use of
the microcanonical ensemble is not secure”. Furthermore,
the method is very general: unlike OTST, its validity is not
restricted to a given internal energy range.

The essence of MEM is to upgrade a statistical reference
theory by a stepwise procedure. The improvement can in
principle, but not in practice, be carried out up to an exact
solution of the Schirdinger equatioff8]. In practice, it only
makes sense to improve the solution up to a point where the
difference between experiment and theory is of the same
magnitude as the experimental uncertainty. MEM can also
be viewed as an interpolation between the RRKM model
(characterized by free energy flow among all modes, with-
out any constraint) and the Slater model (which is highly
constrained because the assumed harmonic nature of the
vibrations prevents any energy exchanigg).

Note especially that the origin of the maximum entropy
method is the desire to derive the least biased inference from
a given situation. Its very aim is precisely to avoid pushing
the data analysis too far. It can be credited with impres-
sive success in the analysis of product energy distributions
observed in the dissociation of neutral molecys-31]

The MEM explains the origin of the success of the RRKM
theory. According to information theory, when phase space
is not completely or not uniformly sampled before dissoci-
ation, the statistical theory should be developed in terms of
effective densities of states, which count an effective number
of phase space cells. These new densities, invariably, have
a lower value than those that are calculated by usual state-
counting algorithm§l—3]. This more elaborate formulation
replaces the concept of “effective number of oscillators”
widely used in the past. This is compatible, e.g., with the
Local Random Matrix Theory approach which upgrades
the RRKM theory by introducing a transmission coefficient
accounting for the competition between the intrinsic reac-
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tion rate and the intramolecular energy flow. The latter iscan be concluded that one or several dynamical constraints intro-

shown to vary with the local density of vibrational statesduce a bias in the exploration of phase space, favouring some

which is necessarily smaller than the total reactant densitguantum states at the expense of others. These constraints are

of state433,34] possibly related to angular momentum conservation, but other
It is worth noting that the density of states lowering possibilities cannot be a priori excluded.

appliesin principle, but not of course necessarily to the same

extent, to both the reactant and the transition state. Hencg,3 y7eu expression of the actual KERDs

the RRKM equation

When the experimental KERBX¢|E) is found to differ from
(8) the prior distributionP(¢|E), the MEM establishes that the least
hp(E) biased way to convert the latter into the former is to multiply it
remains valid, but both its numerator and denominatoy a correcting exponential function of
should be reduced. In other words, the deviations from 0 k
RRKM are not so strong as might be exped@sl36] For  © (€1E) = P~(¢| E) €xp(-~1o) €xp(-11¢”) (10)
this reason, the RRKM—QET formula is not so sensitive o1, this equation, the quantity; is a Lagrange multiplier in a

moderate non-statistical effects. Its success does not unargz,cess that consists in making the dissociation dynamics as
biguously prove that its basic assumptions are valid. Bygatistical as allowed by the constraint. The factor expy) is
contrast, a KERD is more sensitive to any deviation ffoMg;n, 51y 4 normalization factor determined by the condition that

the statistical situation than the rate constant because th{ﬁe distributionsP(¢|E) andP(|E) should both be normalized
compensation mechanism does not operate for the KERD;, ihe following way:

(5) Itis essential to note the unusual viewpoint and strategy of
the MEM. Unlike OTST, its aim is not to predict quantita- £ E s
tively a KERD, but rather to analyze experimental data in/ P(e|E) de = /0 P*(e|E)de = 1 (11)
order to assess the efficiency of phase space sampling an
to identify the dynamical constraints that prevent ergodicIn many case$22,37-44] the very simple expressig10) is
ity. MEM has thus to be considered as a complementarjoundto provide a very good approximatiorf|E) if the value
approach rather than as a competitor to predictive theorie®f the exponent is adequately chosen. A valueloéqual to 1/2
How MEM works in practice is developed in the next sec-0r to 1 is usually found. For electronically adiabatic barrierless

K(E) = N*(E — Eo)

tions. reactions studied at not too high energies, the appropriate value
of k has been observed to be equal to [22,37-41,43,44]
4.2. The prior distribution Then, the actual KERD is related to the prior distribution by the

following equation:

The maximum entropy method starts by considering a fully
statistical situation where all quantum states of the pair of frag—P (¢1E)
ments which are allowed by energy conservation are populatgﬁ
with the same probability. The corresponding distribution of
translational energies is called the prior distributj@27-31]
and is denoted aB%(¢|E). By its very definition, it is propor-

— gt g=M1 pO(g| ) (12)

here the only unknown i%;.

In such a case, the unimolecular distribution of ions is subject
toadynamical constraintthatis directly related to the square root
of the translational energy i.e., to the linear momentum of the

tional to the t.otal density of stgtes. At agen total _epeﬁgy separating fragments. Its physical meaning will be elaborated
(measured with respect to the dissociation threshold)isithe upon in Sectiors.2

g}momt of engrgy that hgsdfloweg[l |(rj1t_o me freactlontcogrdm?te, In principle, the prior distribution should be submitted to a
then the remaindeE(— <) is deposited in the fragments. Denot- sequence of multiplicative corrections
ing aspyr(E — ¢) the density of vibrational—-rotational states of

the pair of fragments, one has simply P(¢|E) = P%s|E) exp(=io) exp—i1eY/?) exp(—iz¢)
POs|E) o eY2 0 (E — ¢) (9) x exp(=rge?). .. (13)

because the density of translational states in a three-dimensional It has been demonstratdd8] that if the number of fac-
space distributiofil,27—31]is proportional ta:1/2. tors exp[-1;£€] is large enough, then the right-hand side of

Note that the constraint resulting from conservation of anguEg. (13) converges to an exact quantum-mechanical result for
lar momentum is completely disregarded in the definition of theP(¢|E). However, the practical feature that makes the MEM
prior distribution, for the very simple reason that no exact treatinteresting is that only a very small number of dynamical con-
ment aboutitis available. It should be carefully keptin mind thatstraints (usually, just one for barrierless reactions) are needed
the prior distribution represents, in the MEM procedure, a refto transform the prior distribution into a shape very close to
erence and not a crude and mediocre first approximation to ththe experimentally observed distribution. For more compli-
exact KERD. Its aimis to provide a criterion of non-ergodicity: if cated chemical processes, two or three factors may be required
the experimental distributioP(¢| E) differs fromPC(¢|E), thenit  [43,44]
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4.4. Entropy S and entropy deficiency DS E: PEPICQ[11,47], and retarding field method21,40,42,44]
The KERD measured with the MIKES and retarding field tech-

Itis possible to characterize a KERD by its entrdhyvhich  niquesis actually an average over an internal energy distribution
is directly linked to the number of configurations that give riseD(E): it will be denoted a$(¢).
to this particular distribution, as shown by Boltzmann’s equa- In a MIKES experiment, the Lagrange parameters can be
tion for the prior distributionSo =In W. (In information theory, assumed to remain constant in the narrow metastable range.
entropies are dimensionless, i.e., Boltzmann’'s constant is setence,P(¢) is given by:
equal to 1.) Hence, the prior distributidt?, which is the most
statistical one, has the highest possible entr§pyThe pres- P(e) = /oo D(E)P(¢ |E) dE
ence of dynamical constraints leads to incomplete phase space &

sampling and reduces the entrofiyThe exponential relation o0
W=exp() between an effective number of statdsand an = / D(E)P%e |E) exp[-io — A16*]dE 17)
entropy S also applies when phase space is not uniformly or ¢
not completely sampled. with D(E) = exp[—kdis(E)t1] — exp[—kdiss(E) 2], wheretr; and

The difference between the entropies of the prior distribu, denote the entry and exit times in the field-free region.
tion P2(¢|E) and of an experimental KERBY(¢|E) is termed the In a PEPICO experiment, the distributi®gE) is a very nar-
entropy deficiency DS, which is defined[@5-31} row bell-shaped function and Eq40), (12) or (13)are directly

E P(¢|E) usable. o . . .

DS=S—S = /0 P(e|E)In |:PO(8|E):| In a retarding field experiment, the experimental set-up is

characterized by a wide (a few eV) distribution of internal ener-
=2 —Ar(e5) >0 (14) gies, D(E), that is given by the product of the photoelectron
o spectrum of the parent molecule and of the branching ratio of
where(¢") denotes théth order moment of the distribution:  the selected dissociation channel. Therefore, the KERD is again
E expressed by Eq17)with energy-dependent Lagrange param-
&= [ e peind (15)  eters.
0 When the Lagrange multipliers derived from HQ7) are
A nonzero value for DS implies that the pair of fragments doesntroduced into Eq(16), a functionF(E) can be derived, which
not explore the whole of the phase space that is compatible witbxpresses the way the efficiency of phase space exploration
the mere specification of the internal energy. varies with the internal energy of the molecular [@0,42,48]

The results will be discussed in Sectibsl.
4.5. Ergodicity index F

A major interest of the concept of entropy deficiency is that it> Analysis of the experimental results
can be used to derive an ergodicity index. It can be demonstrateSdl G ; .
[45,46]that the quantity 1. General propensities

F = exp(=DS) = exp(io + A1(e¥?) + ..)) (16) Let us first analyze the simplest possible reactions, i.e., those

. . h
is an upper bound to the ratio between two volumes of phaste at

space: that actually explored by the dissociating system and that_ ) _ _ ) )

in principle available at the total energy (i) are eI_ectromchIy adiabatic (r_10 curve-crossing, no excited
A value of F=1 indicates that the energy flow between the _ State involved in the mechanism); _

reaction coordinate and the bath of the remaining vibrotational(l) Proceed without any reverse potential energy barrier;

degrees of freedom is completely unhindered. (iii) are studied at the lowest amount of internal energy, i.e.,
It should be realized that the ind&xlerived from KERD data often as a metastable fragmentation.

measures only the coupling between the reaction coordinate and

the bath formed by the remaining oscillators. Therefore, it pro- Chava LifshitZ49-51]singled out the halogen loss reaction

vides an upper limitto areal ergodicity index because restrictionsf bromo- and iodobenzene as particularly simple. The HCN

to phase space exploration that do not affect the kinetic energgss from the pyridine cation can be joined to thi39)].

release (e.g., the energy exchange among oscillators) are not The KERD of these reactions is found to obey E#j7)

taken into account in its definition. remarkably well Fig. 1). Thus, only a single constraint, to be
identified with the linear momentum resulting from the relative
4.6. Energy dependence translational motion of the separating fragments can be detected.

Furthermore, the Lagrange multipligf is found to be positive,

In addition to techniques like MIKES (mass-analyzed ionwhich implies that less translational energy flows into the reac-
kinetic energy spectrometry), which analyze the KERD on thdion coordinate than the statistical estimate. The inBés of
microsecond time scale, two experimental approaches are avaihe order of 75—-80%. What is the missing percentage due to? Is
able to measure KERDs at higher values of the internal energy related to angular momentum conservation?
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Fig. 1. KERD for the iodine loss reaction from the iodobenzene cation takingFig. 2. KERD for the GHsI* — CgHs* + | reaction taking place in the second
place in the first field-free region of a forward geometry two sector mass spedield-free region of a forward geometry two sector mass spectrometer (transla-
trometer[38]. The translational energy of the ionic fragment in the laboratory tional energy in the laboratory frame: 8 keV). Solid line: experiment. Dashes:
reference frame is set at 3keV. Solid line: experimental distribution. DottedOTST calculation. Dots: two-dimensional prior distribution. Dot-dashes: three-
line: fitted distribution using Eq:17) with k = 1/2. Dashed line: prior distribu- ~ dimensional prior distribution.
tion atE=0.62 eV, corresponding to the most probable internal energy of the
dissociating iodobenzene ion. and would be contaminated by anisotropic short-range valence
o . _ ) contributions.

~ To get a deeper insight, let us first consider a particularly  Thjs sjtuation is encountered in the study of the KERD of
simple reaction, i.e., the dissociation of the iodobenzene catioomobenzene or of iodobenzene measured at a higher internal
studied at a low internal energy (i.ev0.45eV above the dis- gnergy (i.e.20.6-0.8 eV above the dissociation asymptote). In
sociation asymptote). In that case, OTST is quantitatively valid,ch a case: (i) OTST becomes inve®,23} (i) the MEM
[22]. Then,_ cons_ervanon of angular momeqtum constrains th%quation (12), with a three-dimensional prior and# con-
nuclear trajectories to be planar becatisemains a good quan-  gyrain still gives an excellent description of the experimental
tum number. This well-known constraint can be included in theegyts; (iii) the use of a 2D prior loses its appeal but still hints
prior distribution to be used in an alternative MEM analysis.hat the confinement to a two-dimensional space subsists as a

Since the density of translational states of a particle moving i'bropensity. This surprising conclusion is a matter of current
a two-dimensional box is a constdad{, the appropriate prior asearch.

distribution is simply proportional tey(E — ¢), and thus is a

steadily decreasing function eflt will be denoted a®,(¢| E): 5.2. Interpretation of the momentum constraint

0
Pap(e1E) o pul(E =) (18) OTST fails at high internal energies becadsad; are then
and should be compared with H§). no longer good quantum numbers in the whole reaction coordi-
Fig. 2shows that this two-dimensional prior distribution pro- nate range from the centrifugal barrier outwards. An alternative
vides a good approximation to the actual KERD of the iodobenmodel that can manage this situation has been proposed by Miller
zene cation measured at a low internal enéfgyhe agreement and coworkers.
is much better than with the three-dimensional pFi@1 E) given The basis of the reaction path Hamiltonian (RPH) model
by Eq.(9). In other words, the major constraint that affects the[24,25,52]is to consider only the potential energy surface in
experimental KERD is the requirement that the translationathe immediate neighbourhood of the reaction coordinate. If the
motion be two-dimensional. internal energy is not too high, the dynamical motion can be
However, an additional constraint is clearly seen to operatexpected not to deviate too far from the minimum energy path,
on PgD(s|E). It is responsible for the threshold behaviour of at least in a certain range. The motion along the reaction path
the KERD and takes the form of a truncation resulting fromcan then be described as a translation, with the modes orthog-
the requirement that the translational energy be large enough tmal to it treated as molecular vibrations. If so, the region of
surmount the orbital barrier. the potential energy surface that influences the dynamics can
We now turn to not so straightforward situations. At higherbe modelled as a (8— 7)-dimensional harmonic valley about
internal energies or when an atom less massive or less polalhe reaction coordinate. Energy transfer among these degrees of
izable than iodine is released, the OTST assumptions beconfieeedom results mainly from the curvature of the reaction path.
unreliable. The dynamics then takes place in a range of inteiHowever, Miller and coworkers could derive a coupling parame-
nuclear distances where the effective potential energy can rier[24]. When the latter is small enough, the reaction coordinate
longer be assumed to be spherically symmetrical and therefoiie decoupled from the bath of oscillators and the dynamics can be
no longer obeys Eq2). A more realistic interaction potential described as a one-dimensional motion in an effective potential.
should include higher-order terms in its multipolar expansionMoreover, recent resear¢f3] has shown that when the RPH
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model is valid in a particular range of the reaction coordinatere-increase, say &~ 2.5 eV, where it reaches its lowest value,
the dynamical constraint bears automatically on the momentunmwhich is roughly of the order of 50% for the investigated reac-
i.e., onel2. Then, the KERD is expressed by the very simpletions. This behaviour has been observed in a number of cases:
MEM Eq. (12)with A1 positive. Finally, Miller et al. could show loss of a Br atom from gHsBr* [40], loss of | from GHsl*
[24] that when the total angular momentuns large, it strongly  [48], HCN loss from the pyridine iof42] and, very recently,
interacts with the coupling that results from the curvature. As doss of an acetylene molecule fronglds* ions?
consequence, it is no longer possible to sort out the constraints As the internal energy increases, the lifetime decreases
related to angular momentum conservation and those resultinghereas the volume of phase space to be sampled increases
from the curvature of the reaction path. enormously. The molecule has less time to sample a greater vol-
Conversely, experimental evidence that the constraintis equalme of phase space before dissociating. The initial decrease of
to ¢/2 can be interpreted as a suggestion that the last step of thike ergodicity index is thus quite understandable. What is sur-

reaction should be studied by the RPH model. prising, however, is the stabilization or increasé&(¥) at higher
internal energies.
5.3. Average translational energy release Deciphering the mechanism responsible for this paradox
clearly requires further work. We may, however, already note
Average translational energy releasgesare defined by thatintramolecular energy flow among oscillators resulting from
E the anharmonic character of the potential energy surface of
(e) = / eP(e|E) de (19)  the molecular ion in its ground electronic state is not the only
mechanism by which energy gets redistributed. Very fast radi-

Let us again restrict the discussion to simple (i.e., electronicalljtionless transitions that result from the numerous crossings
adiabatic, barrierless) reactions, for which the constraint is themong potential energy surfaces also contribute to energy ran-
linear momentunal’2. The KERD is then given by E¢12), with domization[40,42,55,56] The higher the internal enerdy the
energy-dependent Lagrange parameters. It follows from Eqdnore extended and intricate the pattern of surface crossings.
(10) and (12) that when the Lagrange multipliés is positive This relaxation of the electronic energy via a cascade of non-
the released translational energy is less than what is predictéadiatiVe transitions leads to a great diversity of initial conditions
by the prior distribution, i.e., is less than what is expected fron2nd introduces chaos into the nuclear dynamics, as conjectured
a fully statistical theory. by Rosenstock 40 years a@]. Each point on the crossing

A MEM analysis reveals that the average kinetic energyS€ams is a possible origin of a reactive trajectory.
releasde) does not necessarily increase linearly with the internal It follows that for most conventional ionization methods (i.e.,
energyE [48]. Infact, itis determined by two quantities. First, the electronimpact, photoionization or chemical ionization), the ini-
logarithmic derivative opy(E), i.e., its slope when plotted on a tial conditions are scattered all over the phase space, just as for
logarithmic scale. Second, the ratig/E also depends on non- thermal reactions. The preparation is said to be non-specific.
statistical effects, i.e., on incomplete phase space exploratiorherefore, a short lifetime deriving from a high internal energy
which is measured by the energy-dependent entropy deﬁcien@y)es not necessari_ly preclude an efficient and representative
DS and the ergodicity index"CS. For these simple reactions, Phase space sampling.
simple relationships can be derived from E@&3, (12) and(16)
to relate the value of)/E to that ofe"PSand d Inp,)/dE. Here  5.5. Isomerization reactions
again, the MEM replaces the vague concept of “subset of active
degrees of freedom” used in the Haney—Franklin relationship The MEM approach can also be used to derive chemical
[54] by that of “ergodicity index measuring the extent of phaseinformation, e.g., on the competition between reaction pathways

space sampling”. leading to isomeric ions. Two examples have been investigated
in detail: (i) the benzylium versus tropylium ion formation by

5.4. Efficiency of phase space sampling as a function of the hydrogen loss from the toluene cation and (ii) the competition

internal energy between the cyclic and linear forms olds* ions generated

from protonated fluorobenzene.
A very interesting question concerns the energy-dependence The competition between isomeric tropylium and benzylium
of the ergodicity index ion (C7H7*) formation from the toluene cation {€lg*) has been
12 investigated for many years by various techniques and the ques-
F(E) = exp[-DS(E)] = explro(E) + A1(E)e*)(E) + .. ] tion has been reviewed by Chava Lifshitz in 199%]. Based
(20)  on the analysis of rate constant data, the tropylium/benzylium

branching ratio could be determined as a function of the inter-
Atthreshold £=0), F'=1 because the phase space reduces t0 g3| energy of GHg". In the metastable time window, this ratio
single cell. The system necessarily occupies 100% of its availymounts to about one. Kim and coworkgB8] attempted in

able phase space when there is no other choice. An increasgog to derive the same ratio from KERD measurements, also
of E leads to the metastable window withvalues typically

observed in the 75-80% range. At still higher internal ener-
gies, F keeps on decreasing but is found to level off or even ! E. Gridelet, A.J. Lorquet, J.C. Lorquet, R. Locht, B. Leyh, unpublished.
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C:/Hg" —» C;H;" +H to be composite with a broad and intense component resulting
307 from the generation of cyclic phenyl ions and a weak, low-
o5 O Experimental data kinetic energy component assigned to the production of one
—— Maximum entropy fit (or several) open-chain isomers ofHs*. The reactive fluxes
2.0- === Benzylium channel were estimated by the MEM to be roughly in the ratio 16:1 for

Tropylium channel CgHsF.H" and 34:1 for GDsF.D*, in qualitative agreement with

the (possibly more accurate) estimate of 10:1 and 18:1 obtained
by Schider et al.

5.6. Reverse activation barriers

. Non-statistical behaviour is often observed when a reverse
00 02 04 06 0.8 10 12 actiya'Fion barri_er, \_/vith a heiglﬂ_‘a‘b, plays aleadingrolein the_dis-
sociation. In this kind of reaction, denoted type Il by Laskin and
Lifshitz [10], the distribution is displaced to larger kinetic ener-
Fig. 3. KERD for the hydrogen loss from the toluene cation taking place ingies compared to the statistical expectation and its shape tends
the first field-free region of a forward geometry two sector mass spectromete{0 be more Gaussian-like. To ana|yze the KERD. it is generally

Fragment ion translational energy in the laboratory frame equal to 3 keV. Open . .
g 9y y d PeBssumed that the observed translational energy has a double ori-

circles: experiment. Solid line: fit using the maximum entropy method. Dashed-"" . ) -
dotted line: contribution of the benzylium channel. Dashed line: contribution ofdin. The first component results from the partial conversion of
the tropylium channel. the energy barrieg), into translational energy. The second part

comes from the so-called non-fixed internal energy in excess of

in the metastable range. The experimental H-loss KERD idhe barrierE — Ep. The average kinetic energy release can then
composite and can be expressed as the sum of two contribh® €xpressed as
tions a_ssociated respectively with the tropylium and with the<€> — a(E — Ep) + bEp (1)
benzylium fragmentsHig. 3). These authors used the OTST
formalism to modelize the benzylium production channel andvherea andb are efficiency coefficients.
deduced a 5:1 tropylium versus benzylium ratio, in complete The energy partitioning of the non-fixed contribution tends to
disagreement with the previous data. behave as in barrierless reactions. The conversion of the barrier,

The maximum entropy formalism has been able to reconhowever, presents a highly non-statistical behaviour: about one-
cile the KERD data with the rate constaf#8]. The benzylium half of the energy of the barrier is released as translation with
contribution could be fitted using a single constraint equal tdhe other half released as rotation (or, less probably, vibration)
€12 The associated Lagrange multiplier is, however, negativegf the fragments as a result of exit-channel interactions between
indicating that more kinetic energy is released on the fragmenteeceding fragments.
than expected on statistical grounds and also more than predicted As an example, the reaction forming tropylium fragments by
by OTST. The fraction of phase space sampled is found to bbydrogen loss from the toluene cation will be mentiorfeid (3)
equal to 48k 8%, i.e., far away from the statistical limit. It has [43]. It has already been referred to in the previous subsection.
been suggested that rotational energy flows preferentially in th&his reaction involves an isomerization of the toluene cation to
reaction coordinate as a result of the conservation of a cylindrithe cycloheptatriene structure followed by hydrogen loss leading
cal symmetry axis during the fragmentation. For the tropyliumto the tropylium ion. A reverse activation barrier of 0.43 eV
channel, which involves a reverse activation barrier (see a morigas been calculated for this latter s{@]. The MEM analysis
detailed discussion of that point in Secti®i®), two constraints  reveals that 4% 7% of this barrier is released as translation.
are identifieds ande2. The ergodicity index is in the 50-70% The same result is obtained, within experimental errors, for the
range, depending on the internal energy. This analysis allowegerdeuterated isomer. By contrast, only 5.5% of the non-fixed
us to deduce a tropylium versus benzylium isomeric fractiorenergy is converted into relative translation. For perdeuterated
equal to 0.9t 0.3 in the metastable window, in good agreementtoluene, this value becomes 4.3%, mostly as a result of the higher
with experimental values obtained using photodissociation andensity of states.
charge exchange, and with RRKM calculati¢®g]. The origin A second example concerns the barrier found along the reac-
of the discrepancy with Kim’s result is clearly the inadequacy oftion path of the dissociation of protonated fluorobenzgig.
the OTST formalism for hydrogen loss reactions. By contrastAbout one-half of the energy of the barrier is released as trans-
the introduction of an appropriate constraint allows a much betlation. Similar orders of magnitude were derived by Aschi and
ter description of the benzylium channel contribution and thusoworkers both experimentall§0] and from classical trajectory
a more accurate determination of the branching ratio. calculationg61], and by the group of Kinfi62,63].

A second example concerns the competition for the produc-
tion of cyclic and linear isomers ofdEls* during the fragmenta-  5.7. Nonadiabatic reactions
tion of protonated fluorobenzene. This time, the MEM analysis
[41] confirms the interpretation originally proposed by Sxter Up to now, we have focussed on reactions taking place on the
et al. [59]. The KERD measured by these authors was foundjround electronic state of the molecular ion. Interesting effects
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are observed when excited electronic states are involved. Theyith the lowest dissociation asymptote. This state is also diabati-
can be classified into two categories: (i) the reaction may involveally correlated with excited fragments. The second contribution
a nonadiabatic transition taking place at a curve crossing alongbserved in the metastable time range is interpreted as resulting
the reaction path; (ii) excited electronic states that are populatefdom a diabatic dissociation pathway that crosses repulsive states
by the initial ionization event may, in special situations, decayduring the fragment receding motion, finally leading to ground
possibly partially, to fragments before internal conversion tostate fragments, but with a larger kinetic energy release. The
the ground state takes place. Such a process is usually referredjodicity index is then much smaller, about 40%. The broad,
to as an “isolated state decay” and has been mostly observéell-shaped, high-kinetic energy contribution recorded in the
for fluorine-containing ions. Two examples will be briefly men- 1.5-3 eV internal energy range results from a direct dissocia-

tioned to illustrate these aspects. tion, prior to energy randomization, of excité&dA1 andC2B,
The hydrogen loss fragmentation of the benzene cation atates, which are initially populated by the Franck—Condon ion-
energies where only the lowest asymptote is accessible, ization process and which are repulsive along the C—F reaction
coordinate. The fraction of the available phase space explored
CeHe  [(ocH)*m](°B10r*Az) is very small, in the 10-20% range.

+r 6yl 2

= Cefls [0 AL) A HILSICS) 6. Concluding remarks
is inherently nonadiabatic because of the difference of the elec-
tronic configurations of the reactant and of the product states MEM is very powerful in extracting chemical information
[64].2 The 2A, and?B; states have been calculated (see footfrom the kinetic energy release distribution of dissociation frag-
note 2) to cross théA; state, which correlates with the lowest ments. The examples discussed here have highlighted (i) how
dissociation asymptote, ata CH distance of abouf\%ll@ng the branching ratios between competitive reaction pathways can be
hydrogen loss reaction path. The most surprising and interestoferred; (ii) the influence of exit channel interactions in the
ing experimental result is that this fragmentation releases morresence of a reverse activation barrier; (iii) the role of excited
kinetic energy than statistically expected, whereas the opposidectronic states in certain dissociation mechanisms.
is true for the halogenobenzene;fsX*) C—X fragmentations. However, an everlasting problem in the dynamics of barri-
This effect is less critical for the perdeuterated isotopomer. |erless reactions concerns the influence of the conservation laws
has been shown that the nonadiabatic nature of the reaction ¢ angular momentum. The study of KERDs provides here also
the central argument explaining this behaviour. On one handgome precious pieces of information. The importance of the con-
only a small subspace of the vibrational configuration space igibution provided by the OTST is notto be denied. However, this
involved in the calculation of the nonadiabatic transition prob-theory presupposes the validity of equilibrium methods of sta-
ability. This leads in turn to a reduction of the density of activetistical mechanics in which it introduces(# €} — J coupling
vibrational states and thus to a decreased probability to relea§éheme between angular momenta. Furthermore, it introduces
energy as vibration. On the other hand, the dissociation rat@ centrifugal barrier calculated by the simple Langevin theory
constant of théA, state has been found to increase as the fina®f ion-induced dipole interactions. These assumptions are not
orbital angular momentum of the pair of fragments increasesglways secure and severely limit the validity of OTST.
i.e., when their relative kinetic energy grows up, because the A different and complementary strategy is presented here.
curve crossing position moves to shorter CH distances, thuEM has no problems with nonequilibrium processes. Simple
enhancing the probability of the nonadiabatic reaction (seéeactions (inthe sense previously defined) are as a rule observed
footnote 2). to be characterized by a KERD that obeys B@) (i.e., where

As a second example, let us consider the fluorine loss reactidhi® constraint can be identified with the momentuHF and
of the 1,1-difluoroethene cation §8,F,*), for which the possi- Where the Lagrange multiplier is positive). Such a situation
bility of a non-statistical mechanism has been suggested alreadipplies the validity of the RPH model, which has been designed
in 1965 by Chava Lifshitd65] and whose KERD has been tO study reactions with a moderately curved reaction coordinate.
recently remeasured and analyzed in detail in the metastableus, an experimental study of the KERD can be expected to be
time window (average internal energyd.2 eV above the disso- diagnostic for the validity of a dynamical model directly derived
ciation threshold) and at higher energi¢s)(= 1.5-3 eV)[44]. from quantum chemistry. Furthermore, the MEM reveals an
New ab initio calculations have been instrumental in the interprenexpected propensity to reduce the dimensionality of the trans-
tation of the experimental data. In both energy ranges, the KERIgtional motion of the fragments to a two-dimensional space,
is found to be bimodal and this behaviour has been related to tHfven when OTST is no longer valid. The relationship between
intervention of excited states in the dissociation mechanism. Thiflis propensity and angular momentum conservation is straight-
first, low-kinetic energy, narrow component is due to a statistiforward when the interaction potential is isotropic. However, for
cal (the ergodicity index is close to 100%) adiabatic dissociatiofitherto unknown reasons, it apparently subsists in more com-

from the ground ionic state of&iF,*, X2B1, which correlates ~ Plicated cases. Itis also clear that at high internal energy, the
most critical feature of a barrierless reaction is the curvature of

the reaction coordinate.
2 E. Gridelet, R. Locht, A.J. Lorquet, J.C. Lorquet, B. Leyh, J. Phys. Chem. It would have been enlightening to discuss all this with
A (2006), submitted for publication. Chava. Her experimental skill, her perceptive advice, her
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