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ABSTRACT: The center of mass kinetic energy release distribution (KERD)
spectra of selected ionic fragments, formed through dissociative single and
double photoionization of CH,CI, at photon energies around the CI 2p edge,
were extracted from the shape and width of the experimentally obtained time-of-
flight (TOF) distributions. The KERD spectra exhibit either smooth profiles or
structures, depending on the moiety and photon energy. In general, the heavier
the ionic fragments, the lower their average KERD:s are. In contrast, the light H*
fragments are observed with kinetic energies centered around 4.5—5.5 eV,
depending on the photon energy. It was observed that the change in the photon
energy involves a change in the KERDs, indicating different processes or
transitions taking place in the breakup process. In the particular case of double
ionization with the ejection of two charged fragments, the KERDs present have
characteristics compatible with the Coulombic fragmentation model. Intending
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to interpret the experimental data, singlet and triplet states at Cl 2p edge of the CH,Cl, molecule, corresponding to the Cl (2p —
10a,*) and Cl (2p — 4b,*) transitions, were calculated at multiconfigurational self-consistent field (MCSCF) level and
multireference configuration interaction (MRCI). These states were selected to form the spin—orbit coupling matrix elements,
which after diagonalization result in a spin—orbit manifold. Minimum energy pathways for dissociation of the molecule were
additionally calculated aiming to give support to the presence of the ultrafast dissociation mechanism in the molecular breakup.

I. INTRODUCTION
After the absorption of a sufficiently high-energy photon by

methylene chloride, the excess of energy of the dissociating
molecule is spread mostly among the fragments rather than
inducing the fluorescence emission, because the molecule is
made of light atoms (H, C and Cl). The excited molecular
states prompted by the photoabsorption can follow several
fragmentation pathways producing moieties with distinct
translational energies following the rules of the fragmentation
dynamics, obeying momentum and energy conservation laws.
In this context, KER analysis, constituting a probe of the
molecular fragmentation of the charged system, is of basic
interest for understanding the structures of the moieties
concerning the fragmentation dynamics and provides informa-
tion on the excited states, on the character of repulsive states in
the fragmentation process, and on the electronic states and
potential energy functions.' ™

The goal of this work is to obtain the average kinetic energies
and KERD of several ionic fragments resulting from the
dissociative photoionization of the singly and doubly charged
CH,Cl, molecule, as extracted by time-of-flight spectra. It is
well-known that in time-of-flight (TOF) mass spectra the peak
width of the parent molecular ion is composed by the thermal
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velocities and spatial distribution of the target species,
convoluted with an instrumental broadening due to elec-
tronics.* On the other hand, for the breakup channels, ions
resulting from molecular fragmentation depict mostly TOF
peak profiles broadened by the changeover of the dissociation
energy into kinetic energy release (KER) and the momentum
distribution between a two- and a three-body breakup. It should
be pointed out that although the energy distributions of the
charged fragments can be determined, the total energy
distribution cannot be ascertained when neutral fragments are
involved in the breakup channels carrying part of it.
Notwithstanding, KERDs of molecular fragments have to be
interpreted with caution due to the internal energy of the
fragments.

The selected molecule in this study, dichloromethane
(DCM), is amply employed as a paint stripper, degreaser,
and agent to decaffeinate coffee and tea. Its high volatility is
useful as an aerosol spray propellant as well as a blowing agent
for polyurethane foams.”~” DCM is an atmospheric trace gas
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with a tropospheric lifetime of about 150 days and comes from
major anthropogenic sources.””’ Atmospheric concentrations
of DCM peaked around 1990 and have declined during the first
years of this century. However, new observations indicate that
DCM has been increasing in the atmosphere.” The
fragmentation of DCM induced by EUV, soft X-rays, solar
wind, and galactic cosmic rays has been related do the depletion
of the ozone layer.”™” In previous work, a comparative study for
the fragmentation of the DCM molecule was performed for
collisions of fast protons and EUV photons.” It was shown that
the larger is the proton energy, the more the fragmentation
pattern resembles the corresponding photoionization yield at
lower energies. In another work,'® the photoionization of the
dichloromethane molecule was studied for photons with
energies in the soft energy range. It was found that the
electronic de-excitation gives rise to one to three electrons and
an ionic molecule that decays into smaller moieties through
several fragmentation channels. The chlorine ion, CI*, had the
highest intensity around and above the Cl 2p edge, while the
CH,CI" ion, corresponding to the loss of one neutral chlorine
atom, dominated the mass spectra in the valence region. In
addition, strong electronic selectivity was observed for the core-
excited molecule. Moreover, the roles of the shake-off and
knockout processes in the double photoionization of the DCM
molecule were also studied.'' The probabilities for both
mechanisms accompanying valence-shell photoionization were
estimated as a function of incident photon energy using existing
models from the literature. The experimental results are in
qualitative agreement with the models.

The main mechanism related to the depletion of ozone is via
reactions with chlorine atoms. Chlorine compounds can
undergo dissociation, releasing a chlorine atom as the result
of a collision process.” Atomic chlorine is highly reactive and
breaks ozone molecules, forming a chlorine monoxide and an
oxygen molecule. Chlorine monoxide, in turn, can react with
either an oxygen atom or another ozone molecule, resulting in a
chlorine atom and one or two oxygen molecules, respectively,
leading to a feedback reaction mechanism where a single
Chlorine atom can break down a large number of ozone
molecules. This work explores the formation of singly and
doubly charged fragments from CLH, around the Cl 2p edge.
Although the X-ray cross sections are small in comparison to
the corresponding UV or VUV processes, the damage due to
the former is much higher, affecting the equilibrium distribution
of ions in the ionosphere. Thus, a detailed study of the
controlling chemical processes is essential for an appropriate
comprehension of ionospheric composition and behavior.

Il. EXPERIMENTAL SECTION

The experimental apparatus has been reported previously, ™"
and only a brief description is included here. The CH,CI,
molecule was photoionized by soft X-rays from the LNLS
synchrotron radiation facility monochromatized in the TGM
beamline (energy resolution: 500 < E/AE < 700). The
photoionization products of CH,Cl, were separated according
to their mass-to-charge ratio by a time-of-flight (TOF) mass
spectrometer, using the ejected electrons and the cations as
start and stop signals, respectively, for a time to digital
converter (TDC). From these TOF profiles, the KERD of
several cations were deduced for several photon energies. The
extraction fleld chosen for the spectrometer in the experiment
is high enough (7000 V/m) to guarantee 100% collection
efficiency for ions up to 30 eV.'"" The experiment was
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accomplished using an effusive gas jet at room temperature.
Although the arising thermal energies might influence the TOF
profiles, they are a minor factor compared to the released
energies. The TOF distribution of the singly ionized parent
molecules is described by a Maxwell-Boltzmann energy profile,
which was also checked measuring argon gas spectra at room
temperature.

The KERD of the CH,Cl, fragments were investigated in the
energy range around the Cl 2p edge (195—215 eV) by means
of the analysis of the TOF profiles through the PEnPICO
technique. The mean kinetic energy release (KER) in the
fragmentation process gives rise to a velocity spread of the
fragment ions. This spread can be tracked by measuring the
TOF distributions of the fragments. The time-of-flight peak
profiles allow us to compute the average kinetic energy release
measurements’ of the coincidence products of the CH,Cl,
molecule. Since the fragments are space focused and the electric
field in the interaction region is uniform, the mean KER in the
fragmentation process, (U), can be calculated from the peak
fwhm through the formula®'?

)5
2m (1)

where g is the ion charge state, E is the electric field in the
extraction region, Afg .., is the peak width (fwhm), and m is the
ion mass. The present mass resolution, m/Am, is better than
200. The zero of the KERD scale was obtained from the
position (peak maximum) of the fragment TOF profiles,
assuming a symmetrical profile. Because the KERD is
proportional to the square of At, the absolute precision of
the energies, 6U, is better for low KER (6U/U = 26At/At =
Am/m < 5 X 107%), where SAt is the time resolution. The
kinetic energy distributions N(U) can be worked out from the
shape of the lines I(t) observed in the TOFMS, through the
relation

gEAtpwim
2
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In the case of the PE2PICO coincidences, the corresponding
average KER and KERDs were extracted after projecting the
coincidences islands onto the T, and T, axes,'’ which
correspond to the time-of-flight of the first and second
fragments to hit the detector, respectively.

lll. THEORETICAL APPROACH

In order to designate the transitions, which are responsible for
the structures observed in the experimental results (the
combined experimental and theoretical investigation is
presented in detail in the Results and Discussion section),
high-level ab initio quantum mechanical calculations were
performed taking into account the spin—orbit coupling. Singlet
and triplet states at Cl 2p edge of the CH,Cl, molecule,
corresponding to the Cl (2p — 10a,*) and Cl (2p — 4b,*)
transitions, were calculated in order to form a basis set of
molecular states from which the spin—orbit splittin% can be
inferred. The method used was described previously.'* In the
present case, a total of 12 states are used to form spin orbit
matrix element for each transition from a single chlorine atom.
For instance, in Cl (2p — 10a,*) transition there are 3 singlet
states (corresponding to transition from each 2p orbital), and
consequently 9 triplets. That is why the spin—orbit manifold
has 12 states for each chlorine atom. However, there are 2
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chlorine atoms per molecule, which doubles the number of
states (to 24), although the 12 uppermost lie high above the
ionization threshold. So, one can effectively have up to 12
transitions from ground to Cl (2p —10a,*) states and 12 more
for ClI (2p — 4b*). Initially, a multiconfigurational self-
consistent field (MCSCF) calculation is performed in order to
obtain orbitals averaged among ground and 2p-core states,
followed by multireference configuration interaction (MRCI)
in order to establish a set of singlet and triplet states at the 2p
excitation edge. Then, the full Breit-Pauli Hamiltonian is
formed and diagonalized on this state basis. The active space in
the MCSCF step is composed of inner-shell 2p orbitals of
chlorine atoms and the corresponding unoccupied orbital in a
state-averaged MCSCF, by considering only singly excited
configurations for each state. This is a very simple wave
function but it is able to take into account the most important
effect of an inner-shell state, that is, the relaxation of the orbitals
due to the formation of a core hole. The correlation effects are
recovered by MRCI. With these eigenfunctions of the
electronic Hamiltonian, H,, the total Hamiltonian, Hy +
Hgo, is diagonalized, where Hyg, is the spin—orbit Hamiltonian
in the full Breit-Pauli form.">™"® Finally, the transition moment
involving the ground state and the states of the spin—orbit
manifold are calculated in order to determine the relative
transition intensities. All calculations were done with the
Molpro package'® with Dunning’s aug-cc-pVTZ-DK basis set.
Scalar relativistic effects are taken into account by the Douglas-
Kroll-Hess Hamiltonian up to third order in all steps of the
calculation.

Minimum energy pathways for dissociation of the molecule
were additionally calculated to support to the presence of the
ultrafast dissociation mechanism in the molecular breakup.
Potential energy curves were calculated, for some representative
states, as a function of the C—Cl distance. For a given C—Cl
distance, all other coordinates are optimized, meaning that this
is a minimum energy path. For inner-shell states, such as Cl (2p
— 10a,*), the inner-shell orbital is relaxed in the first step and
then kept fixed for all points of the potential curve. This is done
to avoid the variational collapse to a low-lying electronic state.
All other orbitals are relaxed for each geometry optimization.
For the ground state calculation, all orbitals are relaxed without
restriction, since the problem of variational collapse does not
apply. For these potential curves, calculations a smaller basis set
was used, i.e, cc-pVDZ and spin—orbit effects were not taken
into account.

IV. RESULTS AND DISCUSSION

Figure 1 shows the total ion yield spectrum of the CH,Cl,
molecule around the Cl 2p edge. Included in this figure are
TOF profiles of the ionic isotopic chlorine atoms, *CI* and
S7CIY, at selected photon energies. These profiles were chosen
to point out that changing the photon energy leads to a change
in their shape and their width and, consequently, a change in
the KERDs. The doublet structures in the Total Ion Yield
(TTY) spectrum, at 200.7 eV (band A) and 202.8 (band B), are
due to the spin—orbit (SO) splitting of the 2p;, and 2p;,,
levels of chlorine. Spin—orbit effects generally become apparent
as energy splitting among states that exhibit similar electronic
configuration. Even though molecular-field effects are character-
istic of the chemical environment of the observed electron,
molecular core levels are usually treated as atomic-like. These
molecular-field effectiveness produce, among other outcomes,
energy shifting in the core-level and valence orbitals. Thus, the
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Figure 1. Left side: Total ion yield (TIY) of the CH,Cl, molecule as a
function of the photon energy. Right side: Time-of-flight spectra of
3Cl and ¥Cl at selected photon energies. See text for the peak
designations (A,B) and dot lines explanations.

trend to treat molecular inner shells as essentially atomic-like is
justified by the fact that molecular-field properties induce
negligible perturbations on core-level spectra.

In Figure 1, total ion yield (TIY) of the CH,Cl, molecule as
a function of the photon energy is shown. The assignment of
the first two absorption bands, designated A and B, is done with
the help of ab initio calculations in Figure 2. Band A is related
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Figure 2. Transition intensities as a function of the photon energy.
Full line: experimental data; black bars: theoretical calculation for the
2p —10a,* transition; red bars: theoretical calculation for the 2p —
4b,* transition. Theoretical results were shifted by +0.5 eV in order to
better fit the experimental spectra and a Gaussian function (dashed
line) was fitted to each transition in order to reproduce the
experimental line width from theoretical values.

to the transition Cl (2p;,, — 10a,* - 200.7 eV), in agreement
with previous report,”” while band B, to the CI (2p, sy — 10a*
- 202.8 V). The first transition to 4b,* is around 204 eV (2p;),
— 4b,*). The two ionization limits due to the spin—orbit
splitting of the 2p hole, Cl 2p;,,/, = o0 (IP) are designated by
the dotted lines at 206.4 and 208.0 eV, respectively.

In Figure 2, the theoretical calculations and experimental
results of the CH,Cl, molecule around the Cl 2p edge are
compared. Theoretical results were shifted by +0.5 eV in order
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to better fit the experimental spectra and a Gaussian function
was fitted to each transition in order to reproduce experimental
line width from theoretical values, since they are obtained as
expectation values and present no line width. The theoretical
results essentially confirm the experimental assignment.

The total ion yield, after the subtraction of an offset due to
contributions from valence shell ionization, has been
normalized in order to compare with the theoretical transition
intensities corresponding to the Cl (2p — 10a,*) and CI (2p
— 4b,*) transitions. Black bars stand for theoretical results for
the 2p —10a,* transition, where spin—orbit effects were taken
into account as explained above, while red bars stand for
theoretical calculations for the 2p — 4b,* transition. The
ground state plus 24 L-Shell states were used to form the SO
matrix. Therefore, there are 24 transitions from the ground to
the excited states of the spin—orbit manifold. In some cases, the
transition intensity vanishes. The main contributions are shown
in Figure 2. The first transition lies around 200.7 eV and the
last lies above 207 €V, i.e., inside the continuum of ionization of
the 2p edge. If more states were used to form the SO matrix,
the resulting states would lie still higher inside the continuum.

Calculations can highlight new information. For instance, for
the 2p — 10a;* transition, 2p;,, components lie around 200.5
eV and 2p,,, components lie around 202 eV. There are
components, instead of a single absorption, due to molecular
splitting. If we take the center of the components as reference,
the spin—orbit splitting is calculated as 1.51 eV, which is
consistent, for instance, with the value calculated and measured
for HCL' It is worth mentioning that the experimental
spectrum cannot assign the spin—orbit splitting since there is
not enough resolution.

IV.1. PEPICO Spectra. In the range between 195 and 215
eV, the most abundant fragments in the mass spectra are CI*
(31—44%), H* (13—14%), and CH," (9—16%), as listed in a
previous work'” and shown in Figure 3, as an example. Other
breakups have been detected, but with relative intensities of less
than 4%.

The KERD of these fragments and of the C* fragment,
corresponding to the full atomization of the molecule, were
derived from the peak profiles of the TOF spectra. Figure 4

cr

T T
1000 2000

Time-of-Flight (ns)

T
3000

Figure 3. PEPICO spectra measured around the Cl 2p edge.
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shows the average KER (fwhm) of selected photoions of the
valence and core-excited CH,Cl, molecule as a function of the
incident photon energy, where the influence of the transitions
represented by band A and band B on the average KER of the
C*, CH,", and ClI" cations can be seen. The CI (2p;,, — 10a,*)
transition at 202.8 eV induces a full atomization breakup of the
molecule and a sharp drop in the average KER of the C" cations
is observed. On the other hand, the Cl (2p;, — 10a;*)
transition at 200.7 eV leads to a less pronounced decrease of
the average KER of the CH," cations. However, when the
heavier Cl* cations are ejected, both transitions reduce the
average KER with similar strengths, leading to a shallower and
wider KER decline.

It was observed that the fwhm for the CH," and CI*
fragments’ TOF profiles are narrower at the Cl (2P;, —
10a,*) resonance, while the peak widths for the lighter H*, H,*,
C*, and CH" fragments are broader. Because the mass of the
photoelectron is very small in comparison to the mass of the
ion, the whole energy available in the process is essentially
converted to electron kinetic energy. All fragments exhibit a
considerable increase in the KER for excitation to molecular
orbitals near the Cl 2p;/,,/, = oo (IP).

From Figure 4, one can see that the KER of the CH," ion
presents a minimum at the Cl (2P;, — 10a;*) resonance.
However, it was previously observed'’ that the CH," ion yield
(ion production) presents a maximum at the Cl (2P, —
10a,*) resonance, which was interpreted by Lu et al.”’ as due to
a fast dissociation through a highly repulsive potential curve.
Thus, due to the fast dissociation process, the photoelectron
takes most of the KER, due to its lower mass. Here we present
calculations of the potential curves in order to give support to
this assertion. Figure 5 shows the profile of energy versus C—Cl
distance for the inner-shell singlet Cl (2p — 10a,*) neutral
state. It is quite evident that the curve is repulsive and can
promote fast dissociation. Such a process was suggested for
methyl chloride,”" and consists of dissociation of the nuclear
framework before Auger decay, which takes place in the atom.
It is worth emphasizing that for a given C—ClI distance all other
molecular coordinates are optimized. Therefore, this is a
minimum energy path to that state. For the state Cl (2p — o0),
an inner-shell single ionization, a similar profile is obtained as
also included in Figure 5. A noticeable difference is the
presence of a shallow minimum around 3.5 A. In what concerns
the discussion here, this difference is not relevant and an
effective repulsive curve is also obtained. So, the process of
ultrafast dissociation CH,Cl + CI" is quite likely via the inner-
shell curve.

Significant differences in the KER of the CH,Cl, fragments
can be also observed from Figure 4 for the 2P;/, — 10a,* and
2P,/, — 10a,* transitions. This can be ascribed to the different
symmetries of final states (they correspond to different states of
the spin manifold). After excitation to the these states states,
the molecule decays via resonant Auger decay. As Auger
processes are mainly driven by Coulombic interaction, their
transition probability is given by

M, = {n|—|n
" 3)

where n and #’ stand for initial and final states, respectively. It is
worth emphasizing that those states can have discrete and
continuum parts. In the present case, the Coulombic repulsion
operator transforms the totally symmetric irreducible repre-
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Figure 4. Average center-of-mass KER (fwhm) of some fragments of the CH,Cl, molecule as a function of the incident photon energy. The lines at
200.7 eV (2P;;, — 10a;*) and 202.8 eV (2P, — 10a,*) indicate the energy transitions.
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sentation of the double C,, group. In order to determine if
transition probabilities are different from zero, one should
examine the representation to which In > and In’ > (or < n'l)
belongs. The product of their irreducible representations
should contain the totally symmetric representation. Since the
initial states are different; the value obtained in eq 3 is different
in each case. Therefore, it is not surprising to verify that the
fragmentation is strongly dependent on the generated initial
core state, since each state will follow specific Auger decay and
consequently different fragmentation processes.

Kinetic energy distributions for the H" photodissociation
fragments obtained at various photon energies are shown in
Figure 6. The inset in Figure 6 displays the average KER
obtained for the peak widths (fwhm) for comparison. The
spectra show a sudden increase from O to around S eV, and
drop more slowly after the maximum to 10% of their maximum
intensity at 20 eV. The maximum kinetic energy value of the H"
fragments reaches 25 eV. Since the extraction field chosen for
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the spectrometer in this experiment is high enough to
guarantee 100% collection efliciency for ions up to 30 eV,
this abrupt cutoff cannot be attributed to sharply decreasing
collection efficiency. The high-energy components in the H*
KERD might be associated with aborted double ionization
events that are included in the PEPICO spectra. The spectrum
obtained at 195 eV shows a peak at the 4.5 eV kinetic energy.
Around the CI 2p edge and above, the KERD peak is located at
5.5 eV. The average KER shows a different behavior, increasing
from 4.0 eV below the edge, exhibiting a minimum of 3.8 eV at
the 2P,/, — 10a,* resonance (202.8 eV), and increasing again
above the edge to 4.9 eV.

The KERD of C*, which corresponds to the full atomization
of the molecule, can be discerned in Figure 7. In this case, a
different tuning of the incident photon energy induces
substantial KERD differences.

The structures in the KERD cannot be directly interpreted
univocally due to the lack of theoretical potential energy curves

DOI: 10.1021/acs.jpca.6b05368
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Figure 6. Center of mass KERD for the H* ion at selected photon
energies around the Cl 2p edge. The corresponding average (fwhm)
values are displayed as inset as a function of the photon energy E. The
vertical scale was arbitrarily chosen for each distribution. Note that,
despite this arbitrary choice regarding the vertical scale, this has not
affected the value of Uy, that is plotted in the inset. Due to the high
number of counts (above 2.5 X 10° for one single channel in the case
of H"), the error bars are very small (well below 1% around the
maxima of the KERD) and are not represented in the KERD.

of the parent ion. In a simple picture of instantaneous
dissociation into several atomic fragments, the C* ions would
hold very low kinetic energy due to its central position in the
molecule. Notwithstanding, the measured translational KER of
C" is not negligible. Then, it is evident that these non-negligible
parts in the C* KER spectra (see Figure 4) are not cohesive
with the scenario of a concerted rupture of all bonds. One
possibility is that the C* fragments are generated in a bent
conformation, which, upon atomization, gives rise to C*

fragment ions having significant KER. The vibrational bending
modes of the molecule could likewise transfer a certain amount
of KER. Finally, a sequential dissociation might also occur,
where a sequential bond breaking takes place. The spectra
display richer structures. For instance, below the CI 2p edge, at
195 eV, the KERD presents bands at 0.21, 0.84, 2.8, and 4.6 €V,
and a tail on the high-energy side superimposed by a peak at 16
eV. This long tail implies the presence of a repulsive potential
contributing to the formation of C* + neutrals in the Franck—
Condon region. The rich structures and the large width of the
KERDs show that there are several potential energy curves that
are actually populated in the excitation process.

Figure 8 shows the KERD for the CH," fragment. The CH,"
KER spectra exhibit a small peak near zero eV and a maximum
below 2 eV that moves to higher KER and becomes broader as
the photon energy increases. Near the CH,Cl, ionization
energy and above, the spectra exhibit structures, which can be
interpreted as due to the opening of several dissociative states
of CH,Cl,", which evidence themselves in the KERD. The
maximum KER lies between 12 and 14 eV, depending on the
photon energy, as shown above in Figure 4.

Figure 9 displays the KERD for the Cl" fragment. The
decreasing KERD for the heavier fragments is a consequence of
the momentum conservation. At 195 eV, there are peaks
centered at kinetic energies of 0.13, 0.51, and 0.97 eV, an
intense peak centered at approximately 2.0 eV and a shoulder
around 2.6 eV. The maximum translational energy is noted
about 5 eV. At 200.7 eV, there are structures centered at 0.21,
0.68, 1.2, 2.1, 3.6, and 5.1 eV. At this energy, the average KER
(see again Figure 9) decreases to about 0.18 eV. It can be seen
that the KERDs of the CI* fragment show a sharp increase in
intensity from 0 to 0.2 eV at 195, 200.7, and 202.8 eV photon
energies, while at 207 and 215 eV, this feature is less
pronounced.

IV.2. Dication CH,Cl,%*. Molecular dications are richer in
electronic excited states in comparison to the isoelectronic
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M
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Figure 7. KERD for the C* ion at selected photon energies around the Cl 2p edge. Due to the very good statistics, the observed structures are real
and not due to experimental artifacts. The estimated error bars are below 1% around the maxima of the KERD.
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Figure 9. KERD for the CI" ion at selected photon energies around
the CI 2p edge.

atomic dications because of their lower symmetry.”” The
fragmentation of the CH,CL>" gives rise, preferentially, to the
formation of two singly charged fragments. Neglecting the
internuclear charge density effects,” the internuclear potential
surface energy can be approximated by the Coulomb
interaction between the fragment ions, of the charged
fragments results in a larger KER. Besides its importance for
electron correlation knowledge,'' double photoionization of
molecules has the particularity that the Franck—Condon
transition from the neutral give rise to doubly charged moieties
in a nuclear arrangement frequently exceedingly far from the
nuclear equilibrium. Consequently, doubly charged polyatomic
cations coming from double photoionization are commonly
unstable moieties, which can dissociate into fragments with
high kinetic energies, leading to striking results.”>™>° The
average KERs of several dissociation channels of the doubly
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charged CH,CL,*" molecule are shown in Figure 10 as a
function of the photon energy. The corresponding average KER
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Figure 10. Average KER (fwhm) of some coincidences after double
ionization of the CH,Cl, molecule as a function of the incident photon
energy. The vertical lines indicate the positions of the transitions: CI
(2ps/, — 10a,* - 200.7 eV), Cl (2p,/, — 10a,*), and (2p;/, — 10a,*)
(at 202.3 eV). The last two vertical lines indicate the Cl 2p;,,,
ionization potentials (206.4 eV) and (208.0 V).

and KERDs were extracted after projecting the PE2PICO
coincidences onto the T, and T, axes.'' Due to momentum
conservation, the lighter fragments carry larger KERs. It can be
seen that the average KER for the H" + CI" coincidence are
narrower at both 2p;,, and 2p,/, resonances. In contrast, the
peak widths for the H" + CH' coincidence are broader at those
resonances. Below the Cl 2p resonance, the ratio of the
momenta of H' and CI" is py'/pq" = —2.6, which is
compatible with a four-body secondary decay

(Uy)
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CH,CI" - CH,* + Cl (U,)

(U3)

In the case of the dissociation of the CH,CL,*, the
predominant part of the KER is produced during charge
separation. In that case, the KER can be approximately related
to the nuclear distance between the fragments at the moment
of the explosion, R, through the equation

14.4qu2
R(A) 4)

The neutral molecule (C,,) geometries are’””® R(C—H) = 1.78
A, R(C-Cl) = 1,77 A, ZHCH = 112.0°, and £CICCl = 11.8°.
Based on eq 4 and Figure 10, one can estimate R & 2.0 A.

In the case of the H* + C* coincidence, the sum of the KER
of both fragments lies between 8.3 and 9.7 eV, slightly larger
than in the case of the former channel. This can be understood
in terms of a smaller internuclear distance between the H* and
C* fragments, since carbon is the central atom. In the case of
the CI* + CI* coincidence (not shown), both chlorine cations
carry KER between 0.6 and 1.0 eV. They have the same KER
(and the same momenta) only at the 2p,, and 2p3£2
resonances, indicating they are released in a secondary decay.”®

The CH,CI" + CI" channel is usually considered as a
Coulomb explosion process where, due to momentum
conservation, the lighter fragment takes most of the energy.
The validity of the assumption that the process CH,CL,** —
CH,CI" + CI" is governed by a simple Coulomb explosion is
evidenced by calculating the ground state potential curve,
shown in Figure 11. For a distance larger than 2.85 A, the curve
is repulsive, while for smaller distances there is a potential well.
This means that the dication can dissociate by Coulomb
explosion or can have a longer lifetime depending on the region
in which it is formed. As this state is formed from a repulsive
inner-shell state, which can lead to fast dissociation, it is
plausible to admit that it will be predominantly formed in the
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Figure 11. Top: potential energy curve for the ground state of dication
CH,CL*". The total energy is calculated along the C—Cl distance.
Each point represents the minimum energy, obtained by optimization
of the other nuclear coordinates. Bottom: two selected configurations
of the molecule at two different points of potential curve are shown: at
3.00 A, the atoms are all in the same plane, while at 2.85 A, a chorine
atom is out-of-plane, in a bonding-favoring geometry.
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repulsive region, ie., at distances larger than 2.85 A. In fact,
from eq 4 and Figure 10, one estimates that CH,Cl" + CI
moieties are created at 3.2 A. Thus, the assumption of pure
Coulombic repulsion used above is justifiable. It is worth
emphasizing the abrupt change of tendency of the potential
curve at 2.85 A. For larger distances, the Cl* approaches CH,Cl
" in plane with the two chlorine atoms at maximum distance. At
shorter distances, the most stable approach is out-of-plane,
which favors bonding. This is also shown in Figure 11. We can
also estimate the lifetime of the CH,Cl,>* dication. In fact, from
eq 4, and Figures 10 and 11, in analogy to a square well,” the
well and barrier widths are estimated as L ~ 0.8 A and x ~ 0.7
A, respectively. The penetration depth of the wave function is
estimated as 6 & 4 X 107 A, and the tunnelling probability (T
exp(—«x/5)) is estimated to be close to 100%. Thus, the
lifetime (z ~ (L/v)T™') is about 6.6 fs.

Figure 12 shows the KER distributions of the H" + CI*
dissociation channel arising from the fragmentation of the
CH,CL*" precursor ion at selected photon energies around the
Cl 2p edge. The measured H' ion KERD is very broad and
described by a single peak located around 7.5 eV at hv= 195 eV,
and rises as the photon energy increases, while, as expected, in
single coincidence the peaks were observed around 5.5 eV
(Figure 4). Both fragments present minimum average KER at
the Cl 2p resonances. If we compare the average total energy
values shown in Figure 10 with the theoretical KER values
obtained from eq 4 using typical internuclear distances (2.0 A),
a fairly good agreement between experimental and theoretical
values is achieved. The shape of the KERD profile of the H*
moiety changes slightly as a function of the photon energy. The
maximum KERD of the H" increases from 27 eV at hv = 195
eV up to 30 eV at hv = 215 eV. The KERD spectra of the CI*
fragment show several narrow peaks.

Figure 13 displays the KERD of the CH," + CI*
fragmentation channel arising from the fragmentation of the
parent molecule dication as precursor ion at selected photon
energies around the CI 2p edge. Both distributions present
several structures. Again, the structures observed in the
distributions are not presently amenable to unambiguous
interpretation due to the unavailability of detailed potential
energy curves of the doubly charged DCM molecule.
Notwithstanding, as opposed to the other channels, the
dissociation channel is formed via a non-Coulomb potential
energy curve. A two-step model has been postulated in the
literature®® in which initial excitation of very highly charged
molecular states are followed by rapid dissociation.

~
~

V. SUMMARY

A systematic experimental and theoretical study of the
excitation and fragmentation processes of the CH,Cl, molecule
was performed by the translational energy analysis of the ion
fragments from the TOF peak shapes. Average KER and KERD
are reported for the most abundant fragments in the PEPICO
(CI*, H*, and CH,") and PE2PICO (H* + CI', H* + C*,
CI'+Cl*, and H* + CH") spectra, the latter arising from
incomplete Coulomb fragmentation. In the photon energy
range selected in this investigation, the increase of the photon
energy evolves in an accompanying change in the KERDs,
either in intensity or kinetic energy shift, comprising very
different processes. The H" fragment having the CH,CL" as a
precursor is ascertained to have a unimodal kinetic energy
dispersion in the range from 0 to 20 eV, with a maximum
kinetic energy near 5.0 eV. Significant differences in the KER of
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the CH,Cl, fragments for the 2P,, — 10a,* and 2P;, —
10a,* transitions were observed and ascribed to the different
symmetries of these states. Finally, catalytic cycles involving
chlorine compounds are efficient sources of stratospheric
chlorine. Chlorine atoms and ions participate in the catalytic
ozone destruction, in which the speed of reaction depends
strongly on the temperature and particle kinetic energy. Thus,
we hope that the present study will shed some new light on the
processes that contribute to the ozone depletion in atmosphere,
as well as to contribute to the present knowledge about the
dynamics of dissociation of polyatomic molecules near
resonances.
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