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The translational kinetic energy release distributi6®=RD) in the halogen loss reaction of the
chloro-, bromo-, and iodobenzene cations has been experimentally determined in the microsecond
time scale and theoretically analyzed by the maximum entropy method. The KERD is constrained
by the square root of the translational energy, i.e., by the momentum gap law. This can be
understood in terms of quantum-mechanical resonances controlled by a matrix element involving a
localized bound state and a rapidly oscillating continuum wave function, as in the case of a
vibrational predissociation process. The energy partitioning between the reaction coordinate and the
set of the remaining coordinates is nearly statistical, but not quite: less translational energy is
channeled into the reaction coordinate than the statistical estimate. The measured entropy deficiency
leads to values of the order of 80% for the fraction of phase space sampled by the pair of fragments
with respect to the statistical value. In the case of the dissociation of the chlorobenzene ion, it is
necessary to take into account a second process which corresponds to the formation of the chlorine
atom in the excited electronic stetB,, in addition to the ground staf®,,,. The observations are
compatible with the presence of a small bariief the order of 0.12 eYalong the reaction path
connecting theD 2A; state of GHsCI™ to the CI@Py,)+CeHa (X1A;) asymptote. ©1999
American Institute of Physic§S0021-96069)00906-X]

I. INTRODUCTION In this paper, we adopt an approach based on the analy-
sis, by the maximum entropy formalish;?° of experimen-

Does a unimolecular chemical reaction proceed statistital fragment energy distributions for ionic unimolecular dis-
cally or is it possible to favor a chosen reaction channel bysociations. More precisely, we measure by sector tandem
selectively exciting some internal modes? This central quesmass spectrometry, under collision-free conditions, the trans-
tion in chemical physics has been for about 60 years an intational kinetic energy released to the dissociation fragments
centive to the development of a variety of experimental techin the metastable time window (16—10 °s). As a conse-
nigues and theoretical methods. guence of this time selection, the dissociating parent ions are

Mass spectrometric experimentation and modeling haveharacterized by a relatively widabout 0.5 eV bell-shaped
contributed to this debate. The vast majority of unimoleculaiinternal energy distribution, centered at a given energy, here-
dissociations involving ions have been interpreted as statisafter denoted=5. The measured kinetic energy release dis-
tical processes. Ultrafast internal conversions and rapid intribution is then, in a second step, compared with the corre-
tramolecular vibrational energy redistributiofVR) are as- sponding purely statistical estimate, called the prior
sumed to be completed before the dissociation step. Stated éfistribution, for which all exit channels at a given total en-
other terms, phase space is expected to be sampled in a uekgy are considered to be equiprobable. From the observed
form way. Statistical models* have been developgd?to  deviations from this microcanonical equilibrium, the maxi-
study unimolecular rate constants: variational transition statenum entropy method makes it possible to infierthe nature
theory, transition state switching model, phase space theorgf the dynamical constraints which are responsible for the
orbiting transition state theory, and statistical adiabatic chaneleviations andii) the fraction of phase space which is ef-
nel model. fectively sampled.

However, product energy distributions are much more  The set of reactions chosen for the present work is the
sensitive to any deviation from a pure statisticalloss of the halogen atom from ionized halogenobenzene cat-
situation®**14 Compared with the rate constants, they pro-ions (CgHsX" with X=ClI, Br, 1), which have previously
vide us with complementary information, because they rereceived extensive attentiGh.3 A first account dealing
veal the sampling of the phase space associated with thenly with the bromobenzene case has already been
dissociation fragments. published®® As far as bromo- and iodobenzene are con-

0021-9606/99/110(6)/2911/11/$15.00 2911 © 1999 American Institute of Physics
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cerned, these studies have concluded that the dissociatiohe center-of-mass frameTD(g), can be obtained by differ-
proceeds statistically, via an extremely loose transition statesntiation of the measured ion kinetic energy spectrum fol-
However, in the case of the loss of Cl fromHGCl™, the  lowed by a transformation of variables from the laboratory
data of Pratt and ChupKhand of Yim and Kini” were best  coordinates to the center-of-mass coordin&te® Carrying
accounted for by a model involving a nontotally loose tran-out this differentiation either numerically or using the
sition state. As will appear in the present paper, the latteHolmes—Osborne procedd?eled to no significant differ-
dissociation turns out to be a much more challenging probence. In the decompositions investigated in this paper, the
lem. amount of kinetic energy released to the fragments in the
Furthermore, although the parent ion internal energy distaboratory frame is negligiblé<50 eV) compared with the
tributions are quite wide, as previously mentioned, somekinetic energy of the center of maés few keV, depending
control on the time selection and thus on the average internan the accelerating voltageso that discrimination effects
energy is nevertheless possible by working at different iorcan be neglected. This eliminates the need to calculate ex-
source accelerating voltages or by using different field-freelicitly the basis functions describing the response of the
regions. In the present work, we could shift the internal enkinetic energy analyzer to a hypothetical kinetic energy re-
ergy distribution by about 0.15-0.2 eV. This shift has beenease distribution expressed by a Dirac delta function. The
instrumental for the unambiguous identification of the dy-electrostatic analyzer exit sli-slit) has been closed to 0.25
namical constraint involved in the dissociation process. Inmm to reach an energy resolutiakE/E of 10 3, which
principle, it makes it also possible to investigate how phasgnakes any deconvolution procedure unnecessary.
space sampling varies with internal energy. Accelerating voltage scan spectra have been recorded for
The paper is organized as follows. The experimentafragment ion translational energies ranging between 1 and 5
method is described briefly in Sec. Il and the results ar&eV (in the laboratory frame B%E as well as magnet scan
presented in Sec. Ill. Next, the salient points of the maxi-spectra have been measured with an accelerating voltage
mum entropy formalism relevant to the present experimentagéqual to 8 kV. The following ion source conditions were
framework are reviewed in Sec. IV. The dissociations of theapplied. Trap current: 30A. Electron energy: 70 eV, except
bromo- and iodobenzene ions show a very similar behaviofor the magnet scan spectra for which the electron energy has
and are discussed together in Sec. V. The influence of theeen reduced to 14.6 eV in order to eliminate overlap with
internal energy on the efficiency of phase space sampling isore intense signals coming from fragment ions produced in
studied in Sec. VI. Section VIl is devoted to the more com-the ion source. lon source pressumeasured at an ion
plex case of chlorobenzene. Concluding remarks are prejauge located approximately 15 cm from the ionization
sented in Sec. VIII. chambe)y. 10 *Pa. The pressure in the field-free regions
was kept in the 10° Pa range, in order to avoid collision-
Il. EXPERIMENT induced dissociations. Chloro-, bromo-, and iodobenzene
A. Kinetic energy release distributions provided by Fluka(99.5% stated purilywere carefully de-

Our spectra have been recorded with a forward geometr9assed but otherwise used without further purification.

two-sectonlAEI-MS9) mass spectrometer, i.e., an instrument o
where an electrostatic analyzer is followed by a magnetid. Internal energy distribution of the metastable
sector. As we are interested in metastable dissociations, it f&arent ions

Vel‘y desirable to Carry out experiments W|th VariOUS t|me The dissociations Samp'ed in our experiments corre-
windows and thus with various internal energy contents Ofspond to a time window defined by the entry and exit times,
the dissociating ions. For this purpose, dissociations taking, andr,, in the field-free region. These times can be easily
place in both the first field-free regiotbetween the ion cajculated using elementary physics based on the spectrom-
source exit slit and the electrostatic analyzend the second  eter geometry parameters and operating conditions. Accord-
field-free region(between the electrostatic analyzer and theingly, the measured kinetic energy release distributions do
magnet and in different accelerating voltage ranges havenet correspond to a well defined energy but to a distribution
been monitored. Either the accelerating voltage scapf internal energiesT(E). Indeed, the corresponding collec-

method® (V-scan or the linked scanning of the electrostatic tjon efficiencyT depends on the rate constant which, in turn,
analyzer and the magnet at constBAtE ratio** were used depends on the internal energy

to record fragment ion kinetic energy spectra for dissocia-
tions taking place in the first field-free region. Magnet  TLK(E)]=Blexp—k(E)7y)—exp(—k(E)m5)]. (2.1
scanning? was used to investigate dissociations in the sec- Throughout this paper, the internal enerdy, is ex-
ond field-free region. pressed with respect to the dissociation asymptBtés a
The translational kinetic energy released to the fragnormalization constant. The functioh§E) have been ex-
ments during a dissociation brings about a signal broadeningerimentally determined by various authdts®!:33:3436.37
which is detected in the corresponding ion kinetic energyTheir energy dependence in the domain covered@{§) has
spectrum measured in the laboratory reference frame. Fromgeen fitted to the following empirical form using the differ-

physical point of view, one is interested in the kinetic energyent experimental values available from the literature:
released in the center-of-mass frame. When instrumental

broadening as well as discrimination in the direction perpen- K(E) =k, t( E) v, 22
dicular to the ion flight path can be neglected, the KERD Pl Es
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FIG. 1. Collection efficiencyl(E) [Eqg. (2.1)] for the metastable dissocia- FIG. 2. Collection efficiencyT(E) [Eq, (2.1)] for the metastable dissocia-

tion CgHsl*—CgH= +1 taking place in the two field-free regions of the n n ; . ) .
AEI-MS9 mass spectrometer under different experimental conditions getion GeHsCl™ —CeHs +Cl taking place in the two field-free regions of the
fined in the figure. AEI-MS9 mass spectrometer under different experimental conditions de-

fined in the figure.

herek, is th I f the rat tant at th dfg\at L e . . . S
WETEHopt 1S INE VaUe of the Tate constant at the enezgy cation in the first field-free region with a fragment ion kinetic

which T(E) reaches its maximum.
o : L energy of 1 and 3 keVin the laboratory frameare presented
The excitation process is by electronic impact and thus Figs. 3 and 4(Similar data for the bromobenzene ion can

inherently nonselective. The experimental data are thereforl . X )
the result of an average over the range of internal energie%e found in Part Il of this serieS) These results are aver-

' o . ages of 12 distributions recorded over a period of one year.
gznaz?gelig%)g()lzll g‘ir\tl:nrr;(;fa\sured distribution of translational The values of the first few momentés), (43, and(2))

are presented in Table |. The average kinetic enekgieare
in good agreement with the previous values obtained by Bur-
gers and Holme# In particular, we confirm their slow

. . o _variation with the internal energy.
whereP(g|E) is the translational kinetic energy release dis-

tribution at a given internal enerdy.
Figures 1 and 2 show thE(E) functions obtained under V. THE MAXIMUM ENTROPY METHOD

three different sets of experimental conditions, correspond- An analysis of a product state distribution by the maxi-
ing to three different time windows, for the loss of | or CI mum entropy method consists of comparing the actual, ex-
from ionized iodobenzene or chlorobenzene, respectivelyperimentally observed distributid®(s|E) with the prior dis-
These data illustrate the extent of the upward shiff OE) tribution P%(¢|E) which serves as a referente?® The
with decreasing lifetime. The values kf, Es, v, 7, and  decisive advantage of this formalism is that its functional
T, are summarized in Table | for the three halogenobenform relating the experimentally observed KERD to the prior

E(s)=fwT(E)P(s|E)dE, 2.3

zenes. distribution is not simply an empirical parametrization. It
involves constraints which are related to observables and
IIl. RESULTS which, therefore, possess a physical significance. A different

S L set of constraints implies a difference in the reaction mecha-
The kinetic energy release distributions have been rec

corded under various experimental conditions corresponding T.he prior distribution is the least biased distribution, that

to different internal energy distributions. In the first field-free is the most statistical distribution in phase space, where no

region, we investigated the following processes using th%ﬁ/namical effects have been includgd? Its entropy is

Vr;scin thCht?:Eunz?E Iln ksc:jme cases, thteh roelsults have be‘? erefore maximal. This distribution is defined as that for
checked by inked scanning method. which all quantum states at a given total energy are equi-

CeHsCl™—CgHz (5 and 1 keV+Cl, probable, i.e., every group of product states that is energeti-
N N cally allowed is populated with a probability proportional to

CeHsBr"—CeHs (4 and 1 keV+Br, the number of quantum states of that group. Therefore, the

CBH5I+—>C6H5+(3 and 1 keV-+l. only constraint that is included in the counting of the quan-

tum states is the conservation of the total energy. The con-
These dissociations have also been all monitored in thgervation of the total angular momentum is an additional
second field-free region, general constrainfgood constant of motion of the total
+ + _ Hamiltonian that limits the number of final states that are
CoHsX " (8 keV)—CehHs +X(X=1,Br,Cl). accessible. However, the inclusion of the conservation of the
As typical examples, the kinetic energy release distributotal angular momentum requires a theoretical decision about
tions P(¢) obtained for the dissociation of the iodobenzenethe “cutoff’ (one has to decide what the valueJf,y is)*®
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TABLE I. Time window and most probable internal enerigy, first moments of the KERDs, and values)yf, DS, ande ™ PS for E=Eg obtained for the
different metastable decompositions investigated in this work. For first field-free rébgofrFR experiments, the fragmentation translation energy in the
laboratory frame is mentioned. Experiments in the second field-free régmmhFFR have been conducted with an accelerating voltage of 8 kV. The relative

uncertainty on the average KER) is estimated to be of the order af3%. The uncertainty oe™PS

is equal t0o+0.03.

CeHsCl* —CgHZ +Cl CeHsBr" —CgHd +Br CeHsl T—CeHa +1
1st FFR 1st FFR 1st FFR 1st FFR 1st FFR 1st FFR
2nd FFR 1 kv 5 kv 2nd FFR 1 kv 4 kv 2nd FFR 1kV 3 kv
71 (19 9.89 4.16 1.53 11.75 4.16 1.74 13.35 4.16 2.00
75 (us) 13.3 8.22 3.35 15.80 8.22 3.77 17.95 8.22 4.34
Es (eV) 1.13 1.23 1.30 0.67 0.75 0.85 0.47 0.55 0.62
Kopt (10P 71 0.863 1.68 4.3 0.73 1.68 3.8 0.64 1.68 3.3
v 8.95 8.15 7.47 6.30 6.05 6.00 5.40 4.80 4.50
(e¥?) (eV*? 0.269 0.275 0.269 0.219 0.221 0.221 0.196 0.194 0.206
(&) (eV) 0.090 0.096 0.091 0.059 0.060 0.060 0.046 0.045 0.051
(2) eV?) 0.0156 0.0183 0.0161 0.0069 0.0073 0.0069 0.0038 0.0037 0.0049
A (VY 5.1 4.9 6.0% 5.4 6.2 6.7 5.8 7.2 6.4
No —1.47 —1.48 —1.74 -1.36 —-1.56 -1.72 -1.33 —1.65 -1.55
DS 0.1¢ 0.1¢ 0.27 0.16 0.22 0.26 0.15 0.24 0.21
e bS 0.8% 0.8% 0.7¢ 0.85 0.80 0.77 0.86 0.79 0.81
@Data corresponding to the main reaction channel gi{CI*.
and therefore an assumption about the dynamics. In theith
resent work, following the point of view expressed in Ref.
p g p p A= u3(2127:2h3), 4.2

17, we choose to retain for the prior distribution the least
biased distribution without including the conservation of thewhereu is the reduced mass along the reaction coordinate.
total angular momentum. Moreover, since in the studied re- At a given total energyE, the rovibrational density of
actions the reduced mass along the reaction coordinate #atesN(E—g) can be approximated by a continuous func-
sufficiently large to lead to high values of the orbital angulartion. The prior distribution is therefore given by
momgntum, the Fjiscrgpancy between the experimental and PO(e|E)=A(E)sYN(E—¢),
the prior distributions is not expected to be due to the con-
straint imposed by the conservation of the total angulaivhereA(E) is a normalization factor.
momentunt*’ This functional form for the prior distribution is equiva-
The actual distributionP(¢|E) measures the transla- lent to that derived for the actual distribution in phase space
tional energy of the pair of fragments. Therefore, a definitiortheory*® in the case of a loose complex bound by long-range
of the prior distribution for translational states is needed. Thevolarizability forces’® The difference is one of methodology,
three-dimensional density of translational states per unit voli-€., we first get the functional forrt4.3) by taking for the
ume and per unit ener§y”1%48is, for an isotropic angular prior distribution the least biased one, without making any
distribution, assumption on the form of the potential along the reaction
coordinate or on the “cutoff” value of the total angular mo-

4.3

— 1/2
pr(e)de=Are " de, 4D mentum. Then, in a second stage discussed bgms.(4.4)
20 T T T T 16 N T T T T T
+ + 14 —
CsHsl - C6H5 (lkeV) +1 C6HSI+% C6H5+(3keV) +1
15 . 12 -
experimental distribution 10 ——— experimental distribution |
Pe) 40l N T fitted distribution pe) oL\ T fitted distribution
(&) 10 — — - PR 7 © 8 ;T — — - PEy )
6 I > -
5 - 4 L -
2 r -
0 — 0 1 ==
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eleV e/eV

FIG. 3. Experimentalsolid line) and fitted (dot9 kinetic energy release
distributions obtained for the metastable dissociatigfL —CsHz (1
keV)+I (first field-free region The prior distributiorf Eq. (4.3)] atE=Egis
drawn in dashed lines.

FIG. 4. Experimentalsolid line) and fitted (dot9 kinetic energy release
distributions obtained for the metastable dissociatigifsl —CgHz (3
keV)+I (first field-free regioin The prior distributiorfEq. (4.3)] atE=Egis
drawn in dashed lines.



J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Urbain et al. 2915

and (5.1)], we parametrize the discrepancy between the ackagrange parameters, together with the averaging over the
tual (experimental and the prior distributions using the distribution of internal energie€.3), was found to fit ad-
maximum entropy formalism. equately all our data in the case of both the iodo- and bro-
The rovibrational density of stateBl(E—¢), is gener- mobenzene ions. Figures 3 and 4 show the fits obtained for
ated by a Beyer—Swinehardt algorithfrr® where the rota- the GHgl ™ ion in the first field-free region with a fragment
tional parameters and the vibrational frequencies have bedon kinetic energy of 1 and 3 keV in the laboratory frame. In
calculatedab initio at the RHF/6-31G{) level®3°In the  the case of chlorobenzene, the functional fa) involv-
case of the chlorobenzene cation, a rovibronic density oing a single constraint did not lead to satisfactory fits, as
states is calculated, because, as discussed in Sec. VIl belodiscussed in detail in Sec. VII.
the Cl atom is assumed to be generated in both ofRts, As we now elaborate, the rationale for E§.1) is that
and?P,, electronic states. the reaction can essentially be thought of as a vibrational
In the second step of our analysis, we seek a quantitativpredissociation. The definition of the latter term requires
parametrization of the discrepancy between the prior and thqualifications’ In the particular case of van der Waals com-
actual  distributions. In  the maximum entropy plexes, the rate of decay associated with this process has
formalism}®*"-*9?%he actual distribution is shown to be re- peen extensively studied. These complexes fragment in a
lated to the prior distribution in the following way: very nonstatistical way and their rate constants are orders of
n magnitude slower than the statistical limit because the in-
p(8|E):p0(8|E)eXp< “No— 2 MA, |, (4.4  tramolecular energy redistribution is hindered by the fre-
r=1 guency mismatch between the weak van der Waals bond and

where the quantities, are physical observables and the ~ the stronger bonds of the molecular moiefie&**The frag-

are the conjugated Lagrange parameters. The average valug§ntation mechanism of the metastable halogenobenzene

(A,) of the observablesA, over the actual distribution cations studied here presents obvious differences with re-

P(¢|E) are the constraint®(¢|E) in Eq. (4.4) is the unique ~ SPect to the case of van der Waals complexes, the main one

normalized distribution that satisfies tmeconstraints(A,) ~ being that IVR is far more complete, with the result that their

and that is otherwise of maximum entropy. dissociation is much closer to the statistical
The entropy deficiencS is the difference between the limit.?72030:3:35-37:39%yantum mechanically, however, in

entropy of the prior distributiofidenoteds?) and that of the  Spite of these differences, both types of vibrational predisso-
actual oneg(denotedS), ciations can be described in terms of metastable states or

resonances, excited above the lowest threshold for dissocia-

E P(e|E) ; ; ;
DS(E)=SY(E)— S(E :J P(e|E)In ds 4. tion. The rate of decay of these quasibound states is con-
S(E)=S(E)~S(E) 0 (=[E) PO(z[E) @9 trolled by matrix elements, denotga|V|e), between the

localized wave functionn), of a bound state excited above
the lowest fragmentation asymptote and an oscillating wave
function along the reaction coordinate for the pair of frag-
ments,|e). Each particular predissociation process involves a
specific coupling operatov and different types ofn) and

V. THE DISSOCIATION OF THE BROMO AND le) wave functions. However, one common feature is that
IODOBENZENE CATIONS these matrix elements %% are found to decay exponen-

For the unimolecular fragmentation of theHGBr* ion  tially as a function of the square root of the kinetic energy,
previously investigate®, very good least-squares fits led us and become already negligible for valuessofmaller than
to argue that the appropriate functional form involves athe highest value allowed by conservation of the total en-

single constraint, viz.e2, so that Eq(4.4) becomes ergy, E. Although this was first recognized in the study of
0 U van der Waals complexes, the fact that, well above the dis-
P(e|E)=PO&|E)exd —Ao—A1eY?]. (5.1

sociation threshold, the decay widths obey the so-called “ex-
We emphasize that this conclusion concerning the naturponential momentum gap law**¢indicates that the propen-
of the informative constraint results not only from the quality sity rule applies to other predissociation cases as well.
of the individual fits but also from self-consistency checks = The momentum gap law can be related to the functional
based on the analysis of KERDs corresponding to differenform of the constrainty/e [Eq. (5.1)] that we have identified
energy windows. The shape of the experimental distributiorin the maximum entropy analysis of the experimental distri-
does not show any fine structure, so that a single constraifutions. It implies that the final states with a high values of
can be expected to generate a good fit, at least in the case @fe not produced during the predissociation process and are
bromo- and iodobenzene. In principle; depends on the excluded from the sampling of phase space. Final states with
internal energy. However, this energy dependence was nexlow value ofs and comparatively more energy in the rota-
glected in the energy domain covered by a given transmistional and vibrational degrees of freedom of the fragments
sion function(see Figs. 1 and)2The average value of both are favored with respect to the prior distribution, which leads
e and 2 were indeed observe@able ) to be nearly the to a positive value of the Lagrange multiplief in Eq. (5.1).
same in the different energy windows, a fact which is con-The average kinetic energy of the experimental distribution,
firmed by independent measurements carried out by othek), is smaller than the purely statistical one, computed with
authors?® The functional form(5.1) with energy independent the prior distributionEq. (4.3)].

The entropy deficiencp S is always positive or equal to
zero and the quantitg”PS measures the fraction of phase
space effectively sampled by the pair of fragmefts
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Information on the statistical nature of the reaction canpressions for the moments of the KERD. The latter can be
be obtained via an analysis of the efficiency of phase spacexpressett as generalized hypergeometric series of the di-
sampling. The values obtained far;, DS, ande PS at  mensionless reduced variablgE?. Therefore, when either
E=Eg in the case of bromo- and iodobenzene dissociationd;: or \; is equal to zero, these polynomials reduce to their
are presented in Table I. The quantiéy °S measures the constant term ané™ S reaches its maximum value of one,
fraction of phase space sampled by the pair of fragments agreement with the discussion above. It decreases in an
with respect to the statistical value. Values of the order ofapproximately Gaussian way as’E increases.
80% are obtained. In these simple bond cleavage reactions, These expectations can be compared with the experi-
the potential energy curve along the reaction coordinate isnental findings reported in Table | where, in the quite nar-
thought to increase smoothly without giving rise to an energyow energy range investigated, °S is observed to undergo
barrier and hence to an obvious transition st&t&.This has  a slight decrease dsincreases. Although slight, these trends
been confirmed by Klippenstein'ab initio calculations®  are believed to exceed the error limits.
The discussion given in part Il of this serféshould be Equation(6.1) has been applied to the case at hand. The
repeated here. Long-range forces between the plagidi C value ofs that best fits the rovibrational density of states of
fragment and the bromine or iodine atoms presumably conthe pair of fragments calculated by the Beyer—Swinehardt
tain negligible anisotropic terms and are hardly expected talgorithm is equal to 10. From Table |, a value of 6 é¢
generate torques. Since the fragments separate with a vewas adopted for the paramete;. This leads to values of
small relative velocity, no energy exchange takes place bee™PS equal to 0.85, 0.83, and 0.81B&t0.67, 0.75, and 0.85
tween the receding fragments. Hence, the above-mentionezl/, respectively. The decrease is not as steep as that ob-
values are thought to be related to the fraction of phase spaserved in the experiment, but the order of magnitude is cor-
accessible to the transition state. This confirms the generaéct and the trend observed ing:Br™ is reproduced. To
consensus about the statistical character of the reaction. account for that in iodobenzene, a slight decrease,dsE

increases has to be assumed, which is reasonable.

VI. INFLUENCE OF THE INTERNAL ENERGY ON This general behavior seems to be borne out by indepen-
PHASE SPACE SAMPLING dent experiments on the vinyl bromide ion, extending over a

_ DS - ) broader range of internal energies, to be reported in a future
The quantitye™PS is the ratio between the volume of aper’?

phase space effectively sampled and the total accessible vol-
ume. Does the efficiency of phase space exploration increa§ﬁI THE DISSOCIATION OF THE CHLOROBENZENE

or decrease as the internal enefgyaries? CATION
Right at threshold, the discrimination introduced by the
momentum gap law is inoperant because0. Hence,DS The KERD of the chlorobenzene cation cannot be fitted

=0 ande PS=1. Phase space is totally explored when it isPy the equations which satisfactorily describe the behavior of
reduced to a single cell. As the internal energy increases, tH&€ bromo- and iodobenzene ioffsig. 5. Equation(5.1),
highest possible value of increases too, and the ratio be- together with(2.3), leads to a poor fit of the experimental
tween the volume in phase space allowed by the momentufiERD, as shown in the top panel of Fig. 5. In addition, the
gap law and the total volume in phase space computed frorveraged surprisal,

the prior distribution decreases. However, at sufficiently high I5(s)
energies, the momentum gap law can be expected to be less | = —In[ 5 ,
restrictive on purely statistical grounds. The number of states P (e)

characterized by a dispersion of the entire excess erergy \ypere
among the subset of internal degrees of freedom increases

much more rapidly than those where a significant par of l~30(s)= chO(s|E)T(E)dE
has flown into the reaction coordinate. In addition to this ’
purely statistical argument, the influence of anharmonicity,

and thus the efficiency of IVR, is expected to increase withWith P(¢|E) given by Eq.(2.3) is plotted in the lower panel

E, leading to a decrease af, and thus to an easing of the ©f Fig. 5 as a function of/s. The averaged surprislis a
constraint. local measure of the relevance of the constraints graph

Insight into this problem is provided by modelization. If Should remain linear in its entire range if is the only
the density of stateN(E) is assumed to increase as thth ~ constraint present in the range of values:alampled by the
power of the energy, as in the classical approximatibf, experimental distribution(Average surprisal graphs were

then the analytical approximation to the KERD is given by also_ calculated for the bro_mo-_ and io_d_obenzene ions. They
are indeed observed to fulfill this conditidp.hus, both pan-

P(e|E)=[T(s+2.9/T(1.5T'(s+1)] els of Fig. 5 suggest that a second, rather weak component

€

N —S—15. 12 & \Sa—h;el?2 contributes to the KERD for translational energies larger
xe B e7{(E—e)e T, 6D than about 130 meV.
wheres is related to the effective number of degrees of free-  This second component cannot be due to more energetic
dom. dissociations induced by collision with the residual gas in the

The classical parametrization of the density of states hafield-free region. Appearance energy measurements con-
well-known shortcoming$?* but it provides analytical ex- ducted by scanning the energy of the ionizing electrons did



J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Urbain et al. 2917

12 T T T T be generated both in their ground and electronic excited
states?Pg, and?P,,, while only the ground statépPs,, is

10 CHCI" » CH*(5keV)+Cl 7 accessible for the g&i2 +Br and GHs +1 fragments. The

8 — experimental distribution — maximum entropy analysis including this second channel
R T Ve fitted distribution leads to tight fits and indicates that for this second channel
P(e) 6 - P%E) . the release of the internal energy into the translation degrees

s of freedom is favored. We then discuss how this could be
4 -// . related to the presence of a barrier along the reaction coor-
1 dinate.
2 —
A. Structure of the C ¢HZ fragment
o L— T N

In the case of chlorobenzene, the internal energy content
e/eV ' ' of the dissociating parent ion is larger by about 0.5 eV than
that of both ionized bromo- and iodobenzeisee Table )l
This could open an isomerization pathway for thgHC
fragment ion, resulting in a different variation of the density
1 T T T T of states with internal energy and thus to a different prior
distribution. The problem would then have to be treated as a
two-exit-channel dissociation.

Tandem mass spectrometric techniques are particularly
suitable to probe ionic structures. The major problem which
arises to carry out mixture analysis ogHg is the absence
— 1 FFR (4keV) of well-established structurally puregle: standards. From
-——- 1FFR(lkeV) the available literatur®®* it can be concluded that either
— — 2FFR . acetylene condensation reactions at high pressure or ion-
assisted dehalogenation reactions of halogenobenzene are
15 L L L L thought to lead to a majority of 2 ions with the cyclic

0 0.1 0.2 0.3 0.4 0.5 phenylium structure.Ab initio calculations at the self-

J /evl2 consistent-field SCH 4-31G level’® as well as MINDO/3
calculationg® show the occurrence of stable open-chain

FIG. 5. (Top) solid line: experimental kinetic energy release distribution stryctures which are 0.65—0.7 eV more energetic than the
. : o T T :
obtained for the metastable dissociatiogHgCI™ —CgHg (5 keV)+Cl (first phenylium cation.

field-free region. The dotted line represents ttiensuccessfilfit to the

H 63
one-parameter equatidb.1). The prior distributior{Eq. (4.3)] at E=Eg is Accord.'ng to Cook=t al’” and to Eyler and Ca}mpaﬁé,
drawn in dashed line¢Bottom) nonlinear surprisal plot showing the occur- the phenylium structure favors hydrogen Iggsading to a
rence of an additional contribution to the KERD. fragment ion atm/z=76) and charge strippingdoubly

charged ion atn/z=38.5. The open-chain structure favors

not show any component below the appearance energy of tibe loss of GH,, leading to a signal ah/z=51. As a con-
CgHz= +Cl fragments, as would be expected if collision- sequence, the[m/z=76]/[m/z=51], [m/z=50]/[m/z
induced dissociations were present. =51], and[ m/z= 38.5]/[ m/z= 37] intensity ratios are diag-

The additional component could be related to either anostic for the cyclic structure.
second dissociation channel or to an additional dynamic con- In order to check for the ionic structure reached in the
straint. We have systematically investigated these possibilimetastable dissociations considered in this work, a series of
ties, using the maximum entropy method. collisionally activated dissociatiofCAD) experiments were

The introduction of an additional dynamic constraint carried out on @H. ions produced either in the ion source,
turned out to be unsuccessful. Neither a modification of theor resulting from a metastable decomposition. These experi-
power to whiche is raised, nor trying the vibrational or the ments have been carried out with the six-sector
rotational energies as constraints, nor simultaneously adoptE;B;E,E3B,E,) AutoSpec 6F mass spectromé&feat the
ing two constraints, nor allowing the Lagrange parameters t&niversity of Mons-Hainaut. This spectrometer has been re-
vary with the internal energy led to an improvement of thecently modified by the insertion of an r.f.-only quadrupole
fit. However, at the higher internal energies sampled forcollision cell betweerE, and E;.%8 This instrument has the
chlorobenzene, the @82 ion could conceivably isomerize, MS? capabilities necessary to perform CAD on ions result-
thereby leading to a different density of states for the proding from a previous metastable dissociation. TH&® ex-
ucts. We therefore carefully investigated the structure of theperiments were carried out as followsgHGX " ions were
CgHz ion, conducting additional experiments which are de-transmitted through th&,B,E, sectors and underwent uni-
scribed in Sec. VIIA below. From these experiments, wemolecular dissociation in the quadrupole cell floated at a
conclude that only the phenylium ion is formed when thevoltage similar to the 8 kV accelerating voltage. The so-
halogenobenzene cations fragment. In Sec. VII B, we showroducedm/z 77 ions were then reaccelerated-a8 keV,
that for the fragmentation of thezs8:Cl* ions, due to the mass-selected b§;B,, and subjected to collisional activa-
small value of the spin-orbit coupling, the chlorine atoms cartion with nitrogen in a collision cell betweem, and
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TABLE Il. Peak height ratios measured in MIKES-CAD spectra gHE

i UleV)
ions. ~
B St == GeH3 (8B, + CICP)
[M/z=76] [m/z=50] oS
el - /
[m/z=51] [m/z=51] 0 \DZAI /,//—?—;u_;__ CSHQ()N(‘A,MCI(ZP)
o Ne——T, Pt
CeHsCl 0.2670.74 0.52/1.13 el AT
CeHsBr 0.270.84 0.56Y1.12 No” T e =
CeHs! 0.23/0.94 0.5071.11 | N A A 2
B’8 ./
@The GHz ions result from dissociation of EsX " in the ion source. The : /) /// - @ +ClLEP)
CAD spectra(target gas-O,) are recorded by scannirig. -2 / / ol 2p,
"The GHa ions result from metastable dissociation gHgX " in the quad- N A 2
rupole located betweeB, andE;. CAD (target gas-N,) takes place be- \ A/Az /’ L
tweenB, andE,. o /
~ 1 i1 1 1 N 1
‘3r— /X8, Z ; 5 A

E,. MIKES spectra were then recorded by scannifg FIG. 6. Schematic set of potential energy curves for thgH:Cl"
Such a procedure preserves, therefore, the resolution and theCsHs +Cl reaction. Experimental data about the position of electronic
sensitivity whatever the mass difference between th%tates of the ion and _about the dls_somatlon asymptotes are represented by
CHX d GHY i Th | btained with the th eavy dots and full lines, respectively. The dashed lines represent mere

6" 15 an Q‘> 5 lons. e resuits 0 tained with t e_t €€ correlations. Inset: results ab initio calculationgsee text on the action of
halogenobenzene precursors foyHg ions produced either  a point charge on a chlorine atom.
in the ion source or in a metastable dissociation are summa-
rized in Table II.

The criteria discussed above lead us to the conclusion ) o o
The production of a significant amount ofl in its

that the GH. ions resulting from a metastable dissociation . X . o
contain a larger proportion of phenylium ions than those Ioro_ex0|ted triplet state can be discarded by a statistical argument

: 9-71
duced in the ion source under higher internal energy condi®2S€d (;]n the Su(;)Stagt'al gnzrgy gﬁapD.S—liO e\jef H be- |
tions. Furthermore, the CAD spectra ofH ions resulting tween the ground and excited states. At values of the interna

from metastable dissociations with the three different precurs':'nergy close s, the density of the vibrational-rotational

+
sors are identical within experimental error, so that thestates of GHs IS mgch smf';\ller(by at. least three or.four
ions have the same structufer, at least, correspond to the orders of magnitudein the triplet than in the ground singlet

same structural mixtujevhatever the selected precursor. A State- _

rapid interconversion between cyclic and acyclic structures is HOWeVer, very good results were obtained whezn the gen-
not very probable, as CAD allows us to distinguish betweerfration of the Cl atom in both of its statéRy, and *Pyz,
different ways of producing @i . As the [m/z was taken into account. In contra_dlst|ngt|on _tq thg Br and |
— 50]/[ m/z=51] ratio is even larger than the ratio measured&toms, the smaII_ value of the spin-orbit spl_lttmg in the ClI
by Eyler and Campana in the case of ion-assisted dehalogé‘Iom (0.11 eV with respect to the average internal energy

nation of fluorobenzene, we may conclude that pure phen)ma!(,es it st:_:ltist.ically possible to generate both .states in com-
lium ions result from the dissociation of the three investi- PEtition: This higher threshold energy channel induces a sec-

gated halogenobenzene cations. At this point, it must also b%nd_ component n th? k|net|9 energy dlstr|l_3ut|_on. _Smce the
ailable information is the kinetic energy distribution of the

mentioned that appearance energy measurements of metasty’ ) : )
bly produced GH; from the three precursors are compatible pair of fragments irrespective of the electronic state of the

; “ i 73 ; ;
with a unique structure for the three cases. All these Obselc_hllormel atom, a syr:jthetlcl analysfs™ of ;heh expenrr]nen ib
vations confirm the high activation barrier for cycle tal results was carried out. [t was assumed that each rovibra-

opening®® With ionized chlorobenzene undergoing meta—tional state of the phenyl cation can be accompanied by ei-
stable decomposition, the internal energy content is of th her a.ground or an excited chlqung atom. This .lea.ds t.o the
order of 1.3 eV for an accelerating voltage of 8 kV: this ollowing expression for the kinetic energy distribution,

provides us with a lower limit for the isomerization barrier. where Eso is the energy difference between the wo elec-

These experiments lead us to the conclusion that only thifonic states of the chlorine atom, resulting from the spin-

phenylium ion structure has to be considered in our maxi-orbit coupling Eso=0.11eV),
mum entropy analysis of the kinetic energy release distribu-
tions of chloro-, bromo-, and iodobenzene cations. P(¢|E)=C(E)[pP1(¢|E)+(1—p)P(¢|E)]

for E=Ego and es<E—Egg,
B. The composite nature of the reaction (7.1

An attempt was then made to interpret the KERD as  P(g|E)=C(E)Py(¢|E) otherwise,
resulting from a two-channel process, involving electronic
excitation. A correlation diagram between the electronicp and (1-p) define the branching ratio between the two
states of GHsCI™ determined by photoelectron spectroscopychannels C(E) is the normalization factor. Using*? as a
and those of its fragments is presented in Fig. 6 to obtain gingle constraint in the two channels leads to the following
schematic set of adiabatic potential energy curves. equations foP,(g|E) andP,(&|E):
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1 2 T T T T
12 T T T T
’ 10 CHCI" — CH "(5keV)+Cl _
10 CHCI" - CH/(5keV)+Cl ]
8 experimental distribution -]
8 —— experimental distribution 4 ¢ A fitted distribution
S T N fitted distribution Pe) ¢ o -
Pe) ¢ o . — — - PGEy
- — - PE) v |
4 _l/ . /
o L i
o | i
ol Ty -
0 0 0.1 02 0.3 04 05
0 0.1 0.2 0.3 0.4 0.5 eleV

L . o o ~ FIG. 8. Solid line: experimental kinetic energy release distribution obtained
FIG. 7. Solid line: experimental kinetic energy release distribution obtainet 1o metastable dissociationl&,Cl" —CgHe (5 keV)+Cl (first field-free
for the metastable d'SSQC'at'Q’%@CI+HC6H§ (5 keV)+Cl (first field-free  region. Dotted line: fit assuming the existence of a potential energy barrier
region. Dotted line: fit including two Lagrange parametéEgs.(7.1) and [Egs. (7.3 and (7.4)]. Dashed lines: prior distributiofEq. (4.3] at
(7.2)]. Dashed lines: prior distributiofEq. (4.3)] atE=Eg. E=Es.

P.(e|E)=P%¢|E)exp(—Ng— N1, _ "
(7.2) P(s)=pf T(E)C(E)P°(¢|E)exp(— N o— N2 dE
P,(¢|E)=P%e|E—Egoexp—\y—\je?), e

where the primed Lagrange parametefsand\ ; refer to the +(1- p)f T(E)C(E)P%(¢|[E~Esg)dE, (7.3
second channel. ora
The experimental results have been fitted to E@sl)
and(7.2) [taking into account the averaging over the collec-
tion efficiencyT(E) as in Eq.(2.3)]. The nice fit shown in "

Fig. 7 leads to the following interpretation. Two independent E(S)ZJ T(E)PO(8|E)eXF(—)\O—)\181/2)d E, (7.9
reaction channels are open in the fragmentationgf-CI*. €

The main contribution §=0.85+0.03) is very similar to

that observed in gHsBr* and in GHsl . It leads to a halo- WhenE<Esot+ A or whenA=e=E—Ego.

gen atom in its?Pa, state with a positive\,; Lagrange pa- The fit to the experimental data is shown in Fig. 8, while

rameter(implying a release of kinetic energy less than thethe values oh,, DS, ande™®® obtained for the first chan-
statistical estimate The observed value f& °S (~80%) is  Nnel are given in Table IA can be estimated to be about 0.12

quite similar to that found in the case ofi&Br+ and of €V. A value of 0.9-0.03 was obtained for the branching
CeHsl ™. ratio p. This is in good agreement with the branching ratio
In addition, a weaker contribution is also observed. It isobtained from the fit to Eq¢7.1) and(7.2). The discontinu-
characterized by a negative Lagrange parameterwhose ity observed where=~A has little _physical significance. It
absolute value has the same order of magnitude,a@nd  results from our neglect of tunneling.
thus is well outside the uncertaintiesout which is now The existence of a small barrier along the reaction path
negative. The negative sign indicates a release of transl&f stateD is predicted byab initio calculations carried out by
tional energy larger than the statistical expectation. ThereKlippenstein®® It is compatible with the theory of long-range
fore, unlike the component leading to the CI atom in itsforces. The interaction between a fluorine atom and a posi-
ground electronic state, the second component is not corfive point charge has been predicted by Gentry and Glese
trolled by the momentum gap latwhich disfavors the high to generate two attractive potential energy curves correlating
values of the kinetic energybut by a process which favors With the ?P5, state and one curve with a hump correlating
the release of the internal energy to the relative translationa¥vith the?Py, state ofF. The same model was applied to the
motion of the fragments. chlorine atom. A series @b initio calculations of increasing
Such a process could be due to the presence of a smaFcuracy were carried out using Dunning’s correlation con-
barrier along the reaction coordinate, if the barrier energy iSistent basis sefsto determine its quadrupole moment and
preferentially converted into relative translational energy ofits anisotropic ~polarizabilities. The best calculatithhs
the fragments. To estimate the height of this barrier, wd UMP2/AUG-cc-pVQZ (80 basis functionsand B3LYP/
made the further assumption that the energy of the barriehUG-cc-pV5Z (131 basis functiong led to nearly identical
(denotedA) is completely converted into translational energy Sets of potential energy curves, reported in the inset of Fig. 6.
of the fragments. Equatior@.1) and (7.2) can then be re- Two attractive curves are found to connect tiRe, state of
placed by the following ones, in which, has been set equal Cl to the X ?B; and B B, states of GHsCI" without any
to zero and in which the internal energy averaging is explicharrier. A third one connects tH®,, state of Cl toD 2A, .
itly introduced, Its remarkably horizontal shapé&ogether with Klippen-

valid whenE=Ego+ A and whenA<se<E—-Ego, and
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stein’s results implies that the postulated barrier is deter-
mined by higher terms in the multipole expansion and by
incipient exchange terms.

Coming back to the reaction mechanism, it should bg2)
remembered that one is studying a process with a lifetime of
the order of a few microseconds. Hence, it would be unrea-
sonable to assume that the population of skateas escaped
efficient internal conversions for which a lifetime of the or-
der of 10 *3s is usually proposed. Instead, it can be as-
sumed that the entire population has relaxed to the ground
X 2B, electronic state. Then, during the final stretch of the
reaction coordinate that leads to products, a small fraction
[(1—p)~0.1] of the population of the ground sta¢ un-
dergoes a transition back to stdde This is made plausible
by noting the existence of an avoided crossing along the
reaction path between statésandC. The ground electronic
state X ?B; has five r electrons in its electronic shell and
diabatically correlates to the triplet state of thgHg frag-
ment (which has am°n' configuration, not to its ground
singlet statgwhich has ar® configuration. Conversely, the
diabatic correlation for ther® configuration connects sta@
with the lowest dissociation asymptote. The resulting nona-
diabatic interaction could be responsible for a transfer of
population from statX to C, followed by a predissociation
of stateC by D via a conical intersection. It should further-
more be noted that the electronic configurations of the three
statesX, C, andD are singly excited with respect to each
other. This circumstance is compatible with a substantial in-
teraction.

In the case of EHsBr" and GHsl ", the back transition
to stateD is highly improbable because of the large magni-
tude of the spin-orbit splitting in the bromine and iodine
atoms.

)
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leading to a value of the fraction of the sampled phase
space volume smaller than the one expected on grounds
of the prior distribution.

Not surprisingly, the family of the halogenobenzene cat-
ions is homogeneous and the values obtained for the
entropy deficiency and phase space sampling are very
similar. The analysis carried out here and the obtained
values for the entropy deficiency concern the energy par-
titioning between the reaction coordinate and the set of
the remaining coordinatesvhich may be denoted as a
bath, although no thermal equilibrium is impliedt can

be concluded that this partitioning is nearly statistical,
but not quite: less translational energy is channeled into
the reaction coordinate than the statistical estimate. Un-
fortunately, as we are not able to extract more than one
constraint from these relatively smooth KERD, no con-
clusion can be derived concerning the energy partition-
ing within the bath.

The method is able to supply further information on the
reaction mechanism by demonstrating the composite na-
ture of the fragmentation of &EIsCl*. The major disso-
ciation channel90%) leads to the chlorine atom in its
ground electronic statéP,,, and displays a behavior
very similar to the other halogenobenzene cations. For
the additional minor channdll0%), the kinetic energy
released on the fragments is larger than the prior esti-
mate. Our data suggest the probable existence of a small
barrier(=~0.12 e\) along this reaction path, which leads
to CgHz +CI(?Py,). The appearance of this second
component may be related to earlier findiffg¥ that the
chlorobenzene ion decomposition appears to require a
nontotally loose complex.
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