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Dissociative lonization of Methyl Chloride and Methyl Bromide by Collision with
Metastable Neon Atoms

I. Introduction

The collision of an excited atom, A*, with a target molecule,
BC, characterized by an ionization potential lower than the atom
excitation energy, leads to autoionization of the intermediate
[A*---BC] complex. The product of autoionization, the ionic
complex [A--BC™], then continues the collision, leading to the
formation of different ions. Behind the formation of B@ns
in different vibronic states (Penning ionization) and associate
ions ABC' (associative ionization), an iermolecule reaction
between ground state A and BQan occur (rearrangement
ionization), as well as dissociation of excited B@olecular
ions (dissociative ionization).

These collisional autoionization processes, generally known
as Penning ionization, have been the subject of several
experimental and theoretical studies during the past years, an
recently, two review articles have summarized the most
important conclusions that have been drawn.

Experimental studies on the dynamics of autoionization of
collisional complexes can be worked out by measuring different
observables such as the kinetic energy spectra of the electron
emitted, the collision energy dependence of total and partial
(Penning, associative, rearrangement, and dissociative) ionizatior]
Ccross sections, or even the electron energy spectra in coincidenc
with the specific ion produced.

From the theoretical point of view, these processes can be
simply discussed on the basis of the so-called optical model,
where the interaction between the neutral collision partners is
described by a local complex potential, depending only on the
internuclear coordinates, whose real part represents the interac-
tion potential of the particles and the imaginary part represents
the probability of autoionization of the system. This model has
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Total and partial cross sections for Penning ionization of methyl chloride and methyl bromide by metastable
neon atoms have been measured as a function of collision energy in the-0.08CeV range. The partial

cross sections for the formation of @k", CHs™, and CHX* (X = CI, Br) show a decreasing trend, with
different slopes, when the collision energy increases. The branching ratios indicate that the production of
fragment ions is favored at higher energies. Based on new correlation rules that allow to estimate pure van
der Waals but also charge-transfer contributions to intermolecular potentials, the anisotropy of the Ne*
CHsCI interaction has been semiempirically estimated. Within the electron exchange model of Penning
ionization, it is shown that the anisotropy of interaction, together with the anisotropy of electron distribution
of the orbitals involved in ionization, is correlated with the behavior of the ionization cross sections and
branching ratios as a function of collision energy. In particular, the presence of the attractive interaction at
the two ends of the molecule is responsible for the decreasing energy dependence of the total ionization cross
sections, while a softer repulsive wall around the methyl group is responsible for the increase of fragment
ions when collision energy increases.

been successfully applied for rigorous quantum mechanical
treatments of Penning ionization of atoA4. The correspond-

ing application to molecules requires also the knowledge of the
angular dependence of both the real and imaginary part of the
optical potential. Recent attempts have been made for a rigorous
treatment of He*(3S,2S)—H, by the use of a complex potential
energy surface for the interaction in the entrance channel and
an another potential energy surface for the interaction of the
collision partners in the second step/ery recently, quantum
mechanical models and quasiclassical trajectory methods have
been also attempted.

Anisotropy effects are expected to be very significant in
Penning ionization of molecules. This can be easily understood
when the commonly accepted electron exchange mechanism,
qoriginally proposed by Hotop and Niehalids taken into
account. This mechanism implies that ionization occurs, mainly
at the turning point, through a transfer of an outer-shell electron
of the molecule into the inner-shell vacancy of the excited rare
gas, which in turn ejects the external electron. On the basis of
this process, where the overlapping of the proper orbitals of
the metastable and the target is a crucial condition, it is quite
evident that the orientation of the molecule with respect to the
ncoming metastable atom can be of great importance in
%etermining the ionization probability, together with the sym-
metry of the outer-shell electron orbitals of the target. In fact,
a metastable atom approach along a given direction can lead to
a preferential removal of the electron from a specific orbital
characterized by an electron density distribution extended toward
the incoming metastable atom.

This aspect stimulated some recent experimental studies
devoted to clarify the role of the anisotropy of interaction and
the possible stereospecificity of the collisional autoionization
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dynamics. Ohno and co-worké?s!3 recently measured the
state-resolved collision energy dependences of Penning ioniza-
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molecules, detecting energy-analyzed electrons as functions ofa(E), are obtained for a given delay time, according to the
metastable helium velocity. They found that the ionization cross equation
sections for the population of specific electronic states of the
primary ion can show strongly different energy dependences, o(E) = N"(2)o*/N*(7)o,
according to the distribution of electron densities of the involved '
orbitals and the anisotropy of interaction between the metastable " " . . .
atom and the molecular target. Similar effects were found by whereN* and N* are the.lntensmes of the product ions and

. metastable atom, respectively, arfdand v; are the correspond-
Siska and co-workers, who measurea@nd analyze® the ) . ©

. . . . T ing metastable atom and relative velocities.
vibronic populations of MW" in a Penning ionization electron By the second method a subersonic beam of metastable neon
spectroscopy experiment on the HSf-N, system. Also in ato%s is directly crossed Witth)he target beam. The supersonic
this case, the vibrationally resolved collisional energy depen- ; Y < . . 9 ' P

. beam is well-defined in velocityNv/v ~ 0.1) and therefore

dence of the spectra was correlated with the role of the

. . . . . e the cross sections are again obtained by the above equation,
anisotropy of interaction combined with the spatial distribution where N and N* are now simplv the total intensitv of the
of the molecular orbitals. Pl y

In this paper, a study on the dissociative ionization ofCH product ions and the full beam metastable intensity, respectively.
) 3 ; ‘i
Cl and CHBr molecules by collision with Ne®, ). in the By this method, the collision energy dependence of the cross

. T sections is obtained by varying the nozzle temperature of the
range between 0.04 and 0.15 eV is reported. The ionization Ofsupersonic source y varying P
E:r:)(ar?;a?;?jlef(;glris r?(l)\gi)r:il:su(t)?w ;J(rj?egsm aevnz:ﬁgglré |t: ?rt]ealpi)tpenra:_rs The two methods are equivalent and were both used to carry
’ P out the present measurements. The first method allowed us to

turged’uvggz th?h@?esfc; ?(lae i?I?sCtr(c))glsﬁbsltteatisa?tfritbhftemg;i?\ularro:jouncst obtain theo(E) dependence in a single experiment, while the
P ) : P P second, which requires an experiment for each single collision

! . by B i !
ion to the formation of CHCI™ and CHB™ primary ions in a energyE, allowed us to work with higher intensity signals.

Sp_?_ﬁ'flc ellec'_[ronollc statée. f . db hi The collision energy dependence of the branching ratios is
e velocity dependence of cross sections and branching e qqreq by changing the nozzle temperature of the supersonic

gf:ogl f%rHPEt;annlrI}.g'and hdlssog:latlve |on|zat(|jonF|n ”éE(O)_, neon beam and recording the relevant mass spectra of the
3], LHsBr CONIISIONS have been measured. For comparison, nqqyct jons. In these experiments, mass spectra are corrected

the _correspondlng Processes with meth_ane have bee_n QIS or the nonnegligible contribution to ionization due to photons
studied. The experimental results are discussed con3|der|ngprooluced in the metastable excitation zone

different combinations of the anisotropy of interaction between The photoionization branching ratios are récorded by replac-
the neutral reactants and the spatial electron density distributionsing the neon beam source with a microwave discharge in pure

of the molecular orbitals involved in the ionization dynamics. neon. Such discharge produces exclusively Ne | photons (16.96

For 'ghis purpose, electron density distr?bution maps have beeny, g 16 76 eV), the metastable atoms being quenched by collision
obtained, for the CCI molecule, by using standard quantum on the wall of a long capillary tube located after the discharge.

chemistry codes, while the anisotropy of interaction has been = o easurement of relative abundancies of product ions in

estimated from correlation rules recently developed in our quadrupole mass spectrometry is known to be subject to possible
laboratory. errors due to different ion transmission through the mass filter
and ion collection efficiencies. Errors on ion collection ef-
ficiency have been minimized by the use of proper ion extraction
The apparatus used for the present measurements has beeand acceleration fields. The ion transmission of the mass filter
described previously in detdif:l” Basically, it consists of a  for the dissociative ionization of methyl halides have been
supersonic or effusive metastable neon atom beam that crosse§alibrated by taking as a reference the fragmentation patterns
at right angles an effusive secondary beam produced by ain He I photoionization of CHCl and CHBr as measured by
microcapillary array. The metastable atom beam is detectedEland et al!® He | dissociative photoionization has been
by a channel electron multiplier located along the beam path, measured simply by sending pure helium in the microwave
while the target beam is monitored by a total ionization detector. discharge mentioned above. No calibration is necessary for
The ions produced in the collision zone are extracted, focused, methane since the spectrum is characterized by three adjacent
mass analyzed by a quadrupole filter, and then detected by anmasses. For this reason, the error in the determination of
other channel electron multiplier. methane ionization branching ratio is definitely lower, in the
The neon beam can be produced by two sources that can bresent experiment, than in the case of methyl halides (see Table
used alternately. The first one is a standard effusive source atl)-
room temperature while the second is a supersonic source that . )
can be heated to different temperatures. The metastable atomd!!- Results and Discussion

Il. Experimental Section

are produced by electron bombardment~at50 eV; the In Table 1, the ionization fragmentation patterns by Ne |
bombar.dment is expected to _yleld N@%) and NetPy) in a photons and Ne®pP, ) atoms, at an average collision energy
population close to the statistical ratio 5:1. of around 0.045 eV, are reported for G;KCHsCl, and CHBr,

The metastable atom velocity can be analyzed by a time-of- as measured in the present experiment. To check the best
flight (TOF) technique: the beam is pulsed by a rotating slotted experimental conditions, the fragmentation patternspfs@ave
disk, and the metastable atoms are counted, using a multiscalerbeen also measured. The results obtained in other labor-
as a function of the delay time from the beam opening. atoried%-24 are reported for comparison. No comparison is
The velocity dependence of the cross sections can be obtainednade for CHCI and CHBr because, to our knowledge, no data
by two different methods. In the first method the effusive neon of this type are available in the literature.
beam is used together with the TOF setup: Time delay spectra It appears that Ne®P, o—CHj collisional autoionization leads
of the metastable atom arrival at the collision zone are recorded,to CH,;*, CHz*, and CH™ ions, with a fragmentation pattern
as well as the time spectra of the intensity of product ions, and very similar to that of Ne | photoionization, but characterized
then the relative cross sections as a function of collision energy, by a small evident higher fragmentation. (A higher fragmenta-
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TABLE 1: lon Fragmentation Patterns by Ne | Photons and Neon Metastable Atoms

Ne | Ne*(3P2,o)
this work a b c d this work e f

CH, CH,* 51.1 @4%) 51.2 49.5 46.8 48.H{4%) 43.3 52.4

CHs* 46.2 @4%) 47.1 48.0 51.0 50.0H4%) 52.4 45.0

CH,* 2.7 (£4%) 1.7 2.5 2.2 1.944%) 4.3 2.6
CoHs CoHg" 14.3 &4%) 11.3 14.5 8.7£4%) 7.3 8.0

CoHs" 13.0 @4%) 12.6 13.1 14.244%) 12.7 14.5

CoHs* 55.0 &4%) 59.5 55.2 48.444%) 49.2 44.0

CoHs" 11.5 @4%) 10.9 10.6 18.1:44%) 18.7 15.1

CoH,* 5.0 (4%) 4.7 5.0 8.244%) 9.5 13.6

CHz* 1.2 (£4%) 1.0 1.6 2.444%) 2.6 4.8
CHsCI CHsCI* 58 (£15%) 59 ¢15%)

CH.CI* 8 (£15%) 8 =15%)

CHs" 34 (£15%) 33 ¢15%)
CH3Br CHsBr+* 53 (#25%) 57 25%)

CH,Br+ 19 (+25%) 18 (£25%)

Brt 1 (£25%) 1 @&25%)

CHs* 27 (£25%) 24 (-25%)

aReference 19 Reference 20¢ Reference 219 Reference 22¢ Reference 23\ Reference 24.
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Figure 1. Total and partial ionization cross sections for collision of  Figure 2. Total and partial ionization cross sections for collision of
metastable neon atom with methane molecules as a function of the metastable neon atom with methyl chloride molecules as a function of
relative collision energy. the relative collision energy.

tion has been also found in the case aHg) In Ne*(3P20)— 100 ' — T
CHsCl ionization, CHCI*, CHs", and CHCI* ions are mainly [ Ne + CHyBr
formed while, in _Ne*EPZ,o)—CHgBr collisions, CHBr*, CHs™, I °°Oooo°°oo°o°oo 060000
CH,Br, and Br" ions are produced. For these molecules, other L LT

fragments may be present in the spectrum, but contributions of R ¥ R ——
ions to an extent lower than 1% have been neglected here
because it is not possible to study their collision energy
dependence. For both the methyl halides the fragmentation
pattern is similar to that obtained in the corresponding photo-
ionization.

In Figures 1, 2, and 3, total and partial ionization cross
sections, for the three systems studied, are reported as a function
of collision energy. Total ionization cross sections for these 1 . !
molecule$”-25 have been already measured in our laboratory, 0.03 0.05 0.1 0.2
and the present results are in full agreement with the previous Collision Energy (eV)
ones. Partial ionization cross sections are reported for the first __ o ) o
time. Total and partial ionization cross sections of the methyl Figure 3. Total and partial ionization cross sections for collision of
halides show a decreasing energy dependence. On the ContrarymetaStable- neon atoms with methyl bromide molecules as a function

. o ) of the relative collision energy.
those of methane increase as collision energy increases.

In Figures 4, 5, and 6 branching ratios for the formation of As will be shown below, ionization cross sections and
the various ions are shown as a function of collision energy. It branching ratios can be interpreted in terms of the collision
can be noted again that a different behavior of methyl halides dynamics of the neon metastable atoms with the target mol-
is present when compared with that of methane. While the ecules. In particular, for the methyl halides, the behavior of
fraction of fragment ions Ckt and CHX™ increases with the branching ratio as a function of collision energy can be
collision energy for methyl halides, no variation of branching attributed to the anisotropy of the interaction associated with
ratios is observed for methane in the whole energy range the anisotropy of the electron density distribution of the orbitals
investigated. involved in ionization.
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Figure 4. Branching ratio for each product ion produced in the
ionization of methane molecules by collision with metastable neon
atoms as a function of the relative collision energy.
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Figure 5. Branching ratio for each product ion produced in the
ionization of methyl chloride molecules by collision with metastable
neon atoms as a function of the relative collision energy.

1.0 . S —
Ne + CH.Br
0.8} € 3 g
2 CH.Br*
= | r .
g 06 B e LTI s
[=)] | |
£
~
©c 04} ]
& CH,"
m ° o
02f prmmmmR Il e 1
CH,Br*
0.0 . e
0.03 0.05 0.1 0.2

Collision Energy (eV)

Figure 6. Branching ratio for each product ion produced in the
ionization of methyl bromide molecules by collision with metastable
neon atoms as a function of the relative collision energy.

A. Methane lon Fragmentation. The electronic structure
of methane may be written as (1§%42s a)%(2p ). The two

Brunetti et al.

consideration® indicate that, when an electron is removed from
the 2p t orbital, the CH* ion, initially in a triply degenerate
state of Ty symmetry, undergoes a Jahmheller distortion to
more stable states, characterized by different symmetries. In
particular, the distortions t€3, and C,, symmetries represent
the possible path toward GHand CH™, respectively. Frag-
mentation processes of GHhave been studied by Stockbaifer
and by Bombaclet al?® by using a photoelectrerphotoion
coincidence technique. By these studies, breakdown diagrams
have been obtained, where the fragmentation pattern of the
ground state ion primarily produced is related to its internal
energy. These diagrams show that only,Ck$ produced when

the nascent ion is formed with an internal energy lower than
1.6 eV. Then, when the internal energy increasesz'Cahd
CH," ions appear, with thresholds of 1.6 and 2.5 eV.

As in photoionization, a JahsTeller distortion must be
responsible of the observed fragmentation in Rs()—CH,.
However, the fragmentation is slightly higher than in photo-
ionization, and it is likely that this difference is due to the
interaction between the two collision partners. Two explana-
tions are possible: (1) the van der Waals interaction between
the metastable neon atoms and methane leads to nascent
CH4" ions characterized by a slightly higher internal energy;
() the strong ion-induced dipole interaction between ground
state neon atoms and GH after the electron ejection, facilitates
the Jahn-Teller distortion. To analogous conclusions came
Sieck and Gordef who compared their measurements of
the fragmentation patterns in He | and Ne | photoionization
of simple hydrocarbons with the corresponding results in
Penning ionization, measured in other laboratories. The
present comparison for Penning and photoionization of
methane, performed within the same experiment and therefore
at identical experimental conditions, supports their previous
observations.

B. Methyl Halide lon Fragmentation. Substantially dif-
ferent is the situation of the two halogenated substitutes CH
Cl and CHBr. Their electronic structure can be derived from
that of methane. The substitution of an hydrogen with an
halogen reduces the symmetry of the system finio Cs,
and splits the ptorbital to (ze)*(oa)2. The inclusion of the
outer orbitals of the halogen gives the following sequence:
(core)...fre)"(0ag)?(Nprex)?, where X= ClI, Br andn = 3, 426
At the energy available in the present experimengCIH and
CH3Br* ions can be produced in the ground state (X) and in
the first two excited states (A and B). These ions are formed
when an electron is ejected from each one of the three last
occupied external orbitals. The formation of the ground state
ion correspond to the removal of one electron from the highest
occupied orbital,ffprzex), largely localized on the halogen atom
(giving an ion in &%E state subject to spirorbit coupling and
Jahn-Teller effects). The first excited GX*(A) ion is
produced by the removal of one electron from they), which
is a carbor-halogen bonding orbital. Finally, the GK*(B)
state is populated when an electron is lost by thg 6rbital,
largely localized on the methyl group. In order to have a clear
view of the localization of the various orbitals, the electron
densities of the three last occupied orbitals of;CHare shown
in Figure 7. The basis set employed in #iginitio calculations

lowest ionization potentials of the molecule are 12.7 and 22 is of triple-zeta valence qualif};>2augmented with a polariza-
eV, corresponding to the ejection of one electron from the 2p tion function. A d-type polarization function was used for the

t, and 2s a orbitals, respectively® Therefore, at energies
between 12.7 and 22 eV, only ground state nascent Gbhs

chlorine atom (exponent 0.63and the carbon atom (exponent
0.72)33 while a p-type polarization function (exponent 1.80)

can be formed. Since the energy available in this experiment was used for the hydrogen atoms. The geometry of the molecule

is about 16.7 eV, the observed fragmentation tgCéhd CH™*

has been optimized at the SCF level, assumi@g,aymmetry,

must arise from this ground state nascent ion. In fact, theoretical using gradient techniques. The calculations were performed by
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H C. The Ne*-CHj3Cl Interaction Potential. Once we
Cl’——é discuss the dynamics leading to the observed fragmentation

patterns, before discussing the ionization cross sections and their
energy dependence, it is helpful to consider the interaction
potential between neon metastable atoms and methyl halides.
To this effort, the case of Ne*CHsCl has been chosen as a
prototype, and then the interaction potential curves for the
. metastable neon atom approaching the methyl chloride molecule
orbital along five different directions have been estimated by using

the semiempirical correlation rules, recently developed by Pirani

and co-workers®42 The basic principles of these rules are

outlined in the following.

The potential energy surface describing the interaction
CI1-C bonding between a neon metastable atom and a methyl halide molecule
orbital can be assumed to be determined by two main contributions:
a weak van der Waals (vdW) component and a “charge transfer”
(CT) interaction. The vdW component represents the electro-
static contribution given by a critical balancing between the
long-range attraction, produced by induction and dispersion
forces, and the short-range repulsion, produced by the “size”
of the outer electron charge distribution of the two partners.
The CT term is associated with a configuration mixing that
occurs between the neutral Ne*CH3Cl system and the lowest

Figure 7. Contour maps of the electron spatial distribution of the three excited ionic state Ne--CHsCI™, this being strongly attractive
outer molecular orbitals in Ci€l involved in the ionization by collision at intermediate and long range. By using an “educational
with metastable neon atoms. The van der Waals average size of thechemistry" language, one can say that the CT term represents

molecule is also shown in order to indicate the parts of the orbitals o qiapjjization due to the resonance between neutral and ionic
that can be more efficiently “ionized” by metastable neon atoms. forms

the use of the GAMES® program package implemented ona In pr(_avious studies on atorratom systems, the whoIe_vdV\_/_
cluster of IBM RS6000 workstations. interaction has been found to be correlated with the polarizability

The energy of the orbitals, symmetries, ionization potentials of both the interacting particles, since this property is mainly

. i . . ’ L X ' related to the repulsion through the size of outer electronic
a_d|ab_at|c corre_lanon dlagram_s, Jatireller dlstort|ons,_ and orbitals'® and to the attraction through the terms of a multipolar
vibrational motions of these ions have peen es}abhshgd bY seriesi”#4 Correlation formulas based on the polarizability have
several previous work®. Among these, particularly interesting been propos@&38and extensively tested for the description of
are the works of Elanet al'® and Lane and Pow¥, who vdW potential features such &, distance of the potential
performed photoelectrerphotoion coincidence studies on the energy minimum, and, the well depth aRn. An important
dynamics of methyl halide ion dissociations. They showed that point connected with these studies is that, at the distance
when these ions are formed in different electronic states, they yefined as the distance where the potential vanishes, since
undergo specific reactions to different products. According t0 4yiraction and repulsion are balanced, both these two opposite
these measurements, GE" and CHBr" formed inthe ground  coniributions are correlated &2 Since the repulsion is also
state remain substantially undissociated, while the same ionszssymed to be proportional to the sum of the square of the total
excited to the A and B states fully dissociate to fragments. In overlap integral of the valence orbitdfs*the ¢ parameter can
particular, CHCI*(A) leads completely to Ckt, with alarge  pe taken as a measure of this sum at the distance
kinetic energy release of around 0.4 eV, while O (B) gives These correlation formulas have been also used for a
rise partially to CH, throu+gh an internal conversion from B o esentation of the main features of the potential energy
to A, and partially to CHCI™ by specific dissociation from B. g 506 in atomhomonuclear diatom systems. I this case the
It has been estimated that 80% of &H"(B) leads to internal 5|4 17apility is anisotropic being related to the electronic charge
conversion to the A state and 20% to specific dissociation toward jistribution of the molecular bond, which can be represented
CHCI™. by an ellipsoid fornf?4! The extension to atompolyatomic

Elandet al'8 did not measure the full breakdown diagram molecule systems has also been studied. This extension is
for CH3Br* because of the deleterious effect of this compound possible by summing the relative contributions of the interaction
on the coincidence apparatus. However, Lane and Pbinis of each bond. Such contributions depend on the polarizability
their coincidence measurements at individual electron energies(average value and anisotropy) of the bond and its orientation
showed that the X state remains substantially undissociatedand distance from a reference axis.
while both A and B states undergo essentially statistical  Correlation rules of the latter type have been applied to the
fragmentation to Ckt and CHBr*. Br* was a minor product  present case to determine the vdw component of the-Ne*
and was not taken into account. CHsCI interaction. Each reference axis is assumed to pass

In light of these results, the analogies in the fragmentation through the middle point of the-€Cl bond, which is also close
patterns, reported in Table I, suggest that the X, A, and B statesto the center of mass of the molecule, while the polarizability
of the ions are populated in a similar ratio both in Ne | data relative to €H and C-Cl bonds are taken from refs 43
photoionization and in Ne3p,c) Penning ionization. As a  and 47.
matter of fact, similar electron energy spectra have been However, as mentioned above, the extension of these rules
experimentally observed also for the case of helium metastablesto polyatomic molecules like halogenated hydrocarbons implies
and He | photoionization of methyl halidé. the addition of a CT effect to the vdW component. This effect

Cl lone pair

C-H bonding
orbital
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135° large anisotropy effect in the interaction. In particular: efhd-

on approaches, both toward the end of the chlorine atom and
the methyl group (Dand 180), give rise to potential wells much
deeper than those corresponding tside-onapproach at 99

(I1) the three hydrogen atoms of the methyl group maintain the
Ne*(3P,) atom far from the carbon atom, hampering the
effectiveness of the CT and leading to a less deep potential well
(around 30%) than in the part of chlorine atom; (lll) the
repulsive branch at the end of the methyl group is softer than
the one at the end of chlorine atom.

Very recently, arab initio calculation about the He*CHgz-
Cl interaction has been reported by Toleteal>° Because of
the analogies with the present Ne€H;Cl system, a compari-
son with those results is here commented on. First of all, it
has to be noted that in both cases the order of magnitude of the
average interaction is similar and falls in the range typical of
van der Waals forces with an additional weak “chemical”
contribution. However, the potential well around the methyl
group found here for NexCHsCl is not present in the Tokue
-603 - :* é : é : ; : é . é * 1'0 et al50 calculation on HexCHsCl. Moreover, theab initio
) ) results on He*CHs;Cl show a potential minimum at about©0
Intermolecular Distance (A) on the Cl side, and this feature has not been observed in the
Figure 8. Intermolecular potential energy curves for the interaction present estimate on Ne’CH3Cl. The differences on the side
b_etween a metastable neon atom and a methyl chloride molecule. Thept the methyl group arise from the fact that tla@ initio
distance is between the nucleus of Ne* and the center of th€IC computation has been performed using an MP2 approximation,

bond in the CHCI molecule. The angles are referred to the direction : . L . )
of the C—CI bond with the approach to the Cl side &sThe potential and in such a scheme, configuration interactions are introduced

energy curves have been estimated by averaging over the rotation ofSIMply as a perturbation in an Ha'_‘tFGEO_Ck Ca_l"?U'atiQn-
the G—-H bonds around the €Cl axis. However, in the present case the configuration mixing with the

ionic Net—CHsCI~ state, which is expected to be the main
anisotropic contribution in the well region, is considered
explicitly. On the other hand, thab initio potential minimum
at 90 close to the Cl atom arises from an helium—2p
hybridyzation which is known to influence the interaction of
helium metastable atoms with several targéts:'> Similar

Potential Energy (meV)

can be obtained from the quantum mechanical problem of two
interacting states, which is analytically solvable. On this ground,
the amount of the configuration interaction is found to depend
on the coupling matrix element and on the energy separation
between the two states, which is given asymptotically by the

difference between the ionization potential of Ne* and the ppqi;ation effects, which cannot be excluded at very short

- 8
electron affinity of CHCI. Mageé has shown that at large distances, have been characterized to play a substantially minor
distances the coupling matrix element between neutral and IONIC e in the case of metastable neon atZrasd for this reason

states depends on the overlap integral between the two OIrIOitaIShave been neglected in the present determination. In any case,

ge§cr|b|n dg:lhe elﬁgtrg?lbefore agdhafte.r the tlranslfer. Mor.epver,the observed discrepancies do not challenge the considerations
rice and Herschbathsuggested that, in molecules containing -+ will be done in the following.

halogen atoms, the overall electronic charge distribution is not L . o
substantially modified by the addition of a further electron. It D. Ionlz_atlon Cross S_ectlons.TotaI and partial ionization
follows that the square of the overlap integral of the transferred cross sections ShOV_V an increase for m?‘tha“e and a decrease for
electron is practically proportional to the sum of the squares of CH,Cl and CHBr with increasing collision energy.

the overlaps in neutraineutral systems. On this ground, a  The differences in the energy dependence of total ionization
correlation formula between the coupling matrix elementat ~ Cross sections can be attributed to differences in the interaction

ande parameters has been developed, tested on other knowrPotential of the collision partnefs. It has been well estab-

systems2 and applied to the present case. lishedP? that in general total ionization cross sections show a
The intermolecular potential has been computed for6°, decreasing behavior as a function of collision energy when the
90°, 135, and 180 angles of approach of Ne* to GBI. In collision probes the attractive branch of the potential, while

such a calculation the CT effect has been added by taking anshowing an increasing trend when the repulsive wall of the
exponential dependence on the intermolecular distance and aPotential is probed. A second decreasing trend at higher
square cosine angular dependence. This implies that the highesgnergies is also expected when the collision probes the hard-
CT effect occurs for the two possib|e collinear approaches to core limit of the potential. Starting from these Considerations,
the C-Cl bond, since the negative molecule is formed when it has been shown that thermal energy collisions of neon
an electron jumps into the lowest<Cl o-antibonding orbital. ~ Metastable atoms with a weak (and therefore rapidly repulsive)
The assumption of a CT angular dependence on the square/an der Waals interaction with the target lead to increasing cross
cosine of the angle of approach takes into account that the sections, while collisions characterized by a stronger attractive
o-antibonding orbital has a cylindrical symmetry. interaction lead to a decreasing treffd.

The obtained potential energy curves, for the various ap- The increasing or decreasing energy dependence of total
proaches of neon metastable atoms to the center of masszof CH ionization cross sections by N&/; ) has been also correlated
Cl, are reported in Figure 8. These curves have been plottedto theo or # symmetry of the molecular orbital of the electron
by assuming a Lennard-Jones potential model splined with ato be removed® Due to their different spatial extent, ionization
long-range—Cg/R® attraction. from o orbitals should lead to increasing cross sections, while

The comparison between the curves &t @0°, and 180 that fromsr orbitals leads to decreasing cross sections. Interms
indicates that the presence of the CT contribution introduces aof the optical model, commonly used to describe collisional
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autoionization processes, these indications implicitly assume thateffects occur in metastable neemethyl halide collisions, where

the energy dependence of total ionization cross section isfragmentions are produced as a consequence of the population
strongly influenced by the autoionization width, that is, the of excited states of the ion.

imaginary part, of the optical potential.

In order to establish whether the observed differences in the IV. Conclusions
slopes of total ionization cross sections are to be connected more In the present study, total and partial cross sections for

With t_he hature of the real part of the optical potential than the Penning ionization of methyl chloride and methyl bromide by
Imaginary part, blan!< tests have been _performed_by calculqt|ng metastable neon atoms have been measured as a function of
ionization cross sections, using many different optical potentials. .o ision energy in the 0.0460.15 eV range. The results have
These tests allowed us to establish that in general smallyoq giscussed in comparison with those already obtained for
variations of the real part mainly influence the shape of the cross methane. Total ionization and partial cross sections for the
section as a function of collision energy, while small variations ¢, mation of CHX™, CHs", and CHX* (X = Cl, Br) show

of the imaginary part sensibly modify the absolute value of the jeqreasing trends when the collision energy increases. In
cross section leaving substantially unchanged its energy depeny,,icylar, branching ratios indicate that the production of

dence. fragment ions is favored at higher collision energies. This
Taking into account these considerations, since methane hehavior is completely different than that of methane, where
metastable neon is mainly charecterized by a weak vdW an increasing trend of total ionization cross sections was
interaction, an increasing cross section as a function of collision measured and no collisional energy dependence on branching
energy must be expected, as effectively observed. In the caseagtios was observed.
of methyl halides, due to the CT contribution, a strong A qualitative, but fully consistent, explanation has been given
anisotropy is present, corresponding to a weak vdW interaction starting from the interaction potential between neon metastable
for approaches at 90and a more attractive interaction for ztoms and methyl halide as estimated, for the prototypgGCH
approaches at®0and 180. Based on the electron exchange molecule, on the basis of new correlation rules developed in
model of Penning ionizatiO?]Ine most favorable situation for our |aboratory. Based on these rules which allow to estimate
ionization is governed by the mutual overlap between the inner- pyre van der Waals but also charge-transfer contributions to
shell hole of the metastable atom and the target orbital to be intermolecular potentialS, the NéﬂZ,O)_CH3C| anisotropy of
ionized. Comparing the electron distribution maps with the interaction has been characterized by determining potential wells

average van der Waals radius of & as reported in Figure  and equilibrium distances for five different angles of approach
7, one can easily argue that ionization takes place mainly whenof the metastable atom to the target molecule.

the metastable atom arrives within two preferential cones of |t has been shown that the anisotropy of interaction is

approach, one on the Glend and the other one on the opposite  ¢correlated with the behavior of total and partial ionization cross
Cl end, where the interaction is strongly attractive (see Figure ggections as a function of collision energy. In particular, the
8). This should lead to a decreasing trend of the total ionization presence of an attractive interaction femd-onapproaches to
cross section. the target molecule is responsible of the decreasing trend of
E. Branching Ratios. Regiospecific effects in ionization the total ionization cross sections. On the other hand, the
coupled with anisotropy of interaction can also qualitatively presence of a softer repulsive wall around the methyl group is
explain the observed energy dependence of branching ratios forresponsible of the increase of fragmentation of the;ClH
the methyl halides. While no variation of branching ratios has molecular ions when collision energy increases. In fact, based
been observed for Ne*p, )—CHs as a function of collision  on electron-exchange model of Penning ionization, the presence
energy, for Ne*{P,)—CHsX an increase of fragmentation is  of a softer potential wall at the end of GHillows a deeper
observed when collision energy increases. This point can bepenetration of the metastable atom, at increasing collision
clarified making reference to Figure 8 and considering that the energies, toward the methyl group, leading to a more effective
two effective approaches of the metastable atoms can lead toionization into CHCI™ A and B excited states which fully
different populations of the electronic states of thesRHions dissociate to Chki" and CHCI*.
primarily produced. Approaches toward the halogen atom cone
can lead to a preferential formation of X and A states ogXH Acknowledgment. This work has been partially supported
ions, while those toward the GHtone can lead to excited A by the EC through the SRMI European Network (HCMP), by
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