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Adiabatic ionization energies of the overlapped A’A; and B’E electronic
states in CH;CI"/CH3sF" measured with double imaging electron/ion

coincidence

Xiaofeng Tang*, Gustavo A. Garcia, and Laurent Nahon

Synchrotron SOLEIL, L’Orme des Merisiers, St. Aubin BP 48, 91192 Gif sur Yvette, France

Abstract

Utilizing vacuum ultraviolet (VUV) synchrotron radiation and double imaging
photoelectron photoion coincidence (i’PEPICO) technique, we have measured the
adiabatic ionization energies (AIEs) of the overlapped A?A; and B’E electronic states of
CHsCI™ and CHsF" ions. We show that the two overlapped electronic states can be
separated in the electron and ion Kinetic energy correlation diagrams based on their state-
specific dissociation dynamics, leading to different kinetic energies released in
dissociation, along the CH3" fragmentation channel. Thus the correlation diagrams yield
values of 13.67 £0.03 and 14.77 %0.03 eV for the AIEs of the A*A; and BE states of
CHsCI*, and 16.08 +0.03 and 17.00 +0.05 eV for CH3F", respectively. This method can
be generalized to separate ionic states that are otherwise overlapped in normal
photoelectron spectra (PES), especially by combining VUV sources and electron/ion

coincidence techniques.

*Corresponding author. E-mail: xiaofeng.tang@synchrotron-soleil.fr
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1. Introduction

Photoelectron spectroscopy (PES) is a commonly used and precious tool to unravel the
molecular electronic structure.™ ? Besides, photoionization experiments provide valuable
energetic information such as ionization energy and fragment appearance energy, which play
an essential role in thermochemistry and have been used in a wide range of areas.>*! This
long lasting experimental effort has also promoted the development of high level quantum
chemical computation procedures.*? **

The determination of accurate ionization energy and appearance energy has made
considerable progresses with the popular methods of photoionization mass spectrometry
(PIMS) and PES coupled to modern light sources like vacuum ultraviolet (VUV) laser and
synchrotron radiation.®* ** Especially the techniques of threshold photoelectron spectroscopy
(TPES) and threshold photoelectron photoion coincidence (TPEPICO) have been frequently
employed to measure the values of ionization energy and fragment appearance energy due to
the high collection efficiency of threshold electrons associated to a high and constant electron
energy resolution.”>?!

Despite these experimental progresses, in some cases electron spectroscopy is unable to
decipher electronic states. Indeed, in photoionization process the molecular ions may be
prepared in different states depending on the photon energy and transition possibility. The
electronic structures of excited ionic states are often more complicated than the ground state
and may be involved in many phenomena such as dissociation, fluorescence and
autoionization. Especially for the overlapped states commonly existing in the excited
electronic states™ *, due to the small energy difference between them, it is still a challenge for

both experimental and theoretical scientists to accurately measure or predict their ionization

energies.
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This is precisely the situation encountered for the two target molecules of this paper,
methyl halides CH3Cl and CHsF, which are also important chemical reagents with a high-
symmetry structure (Cav) and have attracted a lot of attention in the past decades.”** The
valence shell molecular configurations of CH3sCl and CHsF in their X'A; electronic ground
state are known as (1a;)*(2a1)*(1e)*(3a1)%(2e)*, where their core shells have been neglected
for simplicity.?® The X?E, A?A; and BE ionic states, obtained by removing one electron from
the 2e, 3a; and 1e orbitals of the neutral X'A; ground state, respectively, are considered to be
the three low-lying electronic states of CHsCI* and CHsF* ions. The X°E ground states of
both CHsCI* and CH3F*, have vibrational structures visible in their PES* and TPES% ? and
their adiabatic ionization energies (AIEs) locate at 11.289 +0.003 and 12.533 +0.006 eV,
respectively. The A?A; and B?E electronic excited states exhibit a broad and structureless
band in the PES® and TPES* 2. The A?A; and B?E states of CHsCI" partially overlap and
those of CHsF" totally overlap, due to a small energy difference between them and the natural
width of the dissociative states, so that they cannot be separated even with high resolution
electron spectroscopy, a situation frequently encountered in other molecular systems®. The
AIE and vertical ionization energy (VIE) of the A?A,; state of CHsCI* were measured at 13.8
and 14.4 eV, and the VIE of B%E at 15.4 eV,*® but to our knowledge the AIE of the B’E states
has never been measured. The AIE and VIE of the totally overlapped A?A; and B’E band of
CHsF" locate at 16.3 and 17.2 eV.* It is thus challenging to separate and accurately measure
their individual ionization energies.

Both the A%A; and B2E electronic states are dissociative and CHs" is the main fragment
ion in the dissociation of CHsCI" and CHsF" ions.?* ?* 32 The appearance energies of CHs"
fragment ions in the dissociation of CHsCI"™ and CHsF' are at 13.38 and 14.54 eV,
respectively, lying in the Franck-Condon gap. In addition, previous studies have shown that

the dissociation of CHsCI™ and CHsF" ions in the different electronic states along the CH3"
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formation channel is state-specific, even outside of the Franck-Condon region.?* %% So it is
possible to separate the overlapped A?A; and B?E states based on their different dissociation
dynamics.

Using VUV synchrotron radiation and a double imaging photoelectron photoion
coincidence (i2PEPICO) spectrometer'®, we have measured the ionization energies of the
overlapped A?A; and B’E states of CHsCl* and CHiF" ions based on their different
dissociation dynamics which can be clearly observed from the electron and ion kinetic energy
correlation diagrams® **3°,

2. Experimental

The experiments were performed with an i2PEPICO spectrometer, DELICIOUS I11*8, on
the VUV beamline DESIRS®' at Synchrotron SOLEIL, France. The detailed configurations of
DELICIOUS I11 and synchrotron beamline have already been introduced before, and so only
a brief description is provided here. Synchrotron photons emitted from an undulator were
dispersed by a 6.65 m normal incidence monochromator. A 200 I/mm grating was chosen and
the monochromator slits were set to provide a photon energy resolution of ~3 meV. A gas
filter filled with Ar for hv < 15.5 eV was used to suppress the high harmonics emitted from
the undulator. The absolute synchrotron photon energy has been calibrated within an
accuracy of =1 meV by using the absorption lines of Ar in the gas filter seen as dips in the
ionization signal during the energy scans. Pure CH3CIl (CHsF, commercially obtained from
Synquest Laboratories) seeded in Ne (He) carrier gas with a volume ratio of 1:49 was
expanded through a 50 pm diameter nozzle and collimated by a skimmer (Beam Dynamics,
1.0 mm diameter) to form a continuous molecular beam. The molecular beam crossed the
synchrotron light at a right angle in the center of DELICIOUS 11, and the electrons and ions
produced in photoionization were extracted and accelerated in opposite directions by an

electric field. A velocity map imaging (VMI)*® and a modified Wiley-McLaren time-of-flight
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(TOF)* imaging spectrometers were employed to detect electrons and ions, respectively.
PES and electron angular distributions were obtained from the electron VMI image via an
Abel inversion algorithm*, while the full ion 3D momentum distribution was extracted from
the ion TOF and the 2D arrival position onto the corresponding position-sensitive detector
(PSD). The coincidence scheme vyielded electron images, and thus PES, correlated to a
particular mass and ion momentum, which in turn produced the electron and ion Kinetic
energy correlation diagram® **, A subtraction method'” ** was employed to get TPES and
TPEPICO spectra. The photon flux was measured with a photodiode (AXUV100, IRD) and
was used to normalize the photon energy scans.
3. Results and discussion
3.1 TPES and TPEPICO spectra

TPES of CH3Cl in the 11.0-17.1 eV and CH3F in the 12.2-19.8 eV energy ranges were
measured with a 10 meV step size and are presented as black solid lines in Figure 1(a) and (b).
The X°E, A?A; and B?E three low-lying electronic states of CHsCI* and CHsF" ions can be
prepared and have been assigned in the TPES.?* # For both CHsCI* and CHsF*, their X°E
electronic ground states exhibit vibrational structures and their AIEs have been determined at
11.30 +0.01 and 12.56 +0.01 eV, which are in agreement with previous results.?> % %
However, unlike the PES recorded at fixed photon energy®, the TPES in the Franck-Condon
gap are not vanishing leading to a non-negligible ion production. This can be explained by
the well-known fact that, besides direct photoionization, TPES may also have contributions
from indirect processes such as autoionization. Therefore the high vibrational levels of the
X?E ground state in the Franck-Condon gap are populated via the autoionization of neutral
Rydberg states.?

The A%A; and B?E electronic excited states exhibit a broad and structureless band in the

TPES. For CH3CI™ ions, due to the effect of autoionization, the small valley between the
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AA; and BE states observed in previous He(l) PES® is not as obvious in the TPES. The
A?A; and BE states partially overlap in the TPES and their VIEs are measured at 14.6 and
15.3 eV. The A%A; and BE states of CHsF" totally overlap and the peak of the overlapped
band locates at 17.2 eV. These data agree well with previous results.?* ?*** Due to the small
energy gap and natural peak widths, the overlapped A?A; and B?E states cannot be separated

in the TPES even with a higher energy resolution.
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FIG. 1. TPES (black solid lines) of (a) CH3sCl and (b) CHsF and mass-selected TPEPICO spectra (red dotted
lines) of CH;" fragment ions. Two photon energies at hv = 16.80 and 19.50 eV at which fixed coincidence

experiments were performed are marked with stars.

Previous results have shown that the A%A; and B?E states of CHsCI* and CHsF" ions are
dissociative and CHs" is the predominant fragment ion in their dissociation.???* * The mass-
selected TPEPICO spectra of the CHs" fragment ion were also measured and are shown as
red dotted lines in Figure 1. From the first point above the noise, the appearance energy of the
CHs" fragment ion dissociated from CHsCI™ (CHsF") has been measured and locates at 13.43

+0.01 eV (14.58 £0.01 eV), lying in the Franck-Condon gap. The curves in Figure 1 indicate
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that nearly all the CHsCI* (CH3sF") ions in the A%A; and BE states dissociate to CHs" and Cl
(F) fragments. In the TPEPICO spectra the A*A; and B?E states still overlap and cannot be
separated.
3.2 CHs" formation in dissociation of CHsCI" at hv = 16.80 eV

The dissociation mechanism of energy-selected CH3CI™ ions has already been studied in
detail by the method of TPEPICO imaging,”® ?* where it was shown that the dissociation of
the CHsCI" ions in different electronic states is state-specific. The A?A; first excited state is a
repulsive state along the CH3" fragmentation channel and the dissociation is direct and fast.
Unlike the A?A; state, the kinetic energy of the CHs" fragment ion dissociated from the B’E
state is small and can be fitted with a Boltzmann function, which indicates that the
dissociation of the B?E state is statistical and proceeds via internal conversion to the high
vibrational levels of the X?E ground state.?® It is then possible to separate the overlapped
A’A; and B’E states based on their different dissociation mechanisms, leading to different

kinetic energies released (KERs) in the dissociation, along the CHs" fragmentation channel.

FIG. 2. Mass-selected (a) electron and (b) ion images corresponding to the CH;" fragment ions in dissociative
photoionization of CH3Cl at hv = 16.80 eV; The same (c) electron and (d) ion images in dissociative
photoionization of CH3F at hv = 19.50 eV. The lower half part of the electron images corresponds to the result

from the image inversion pBasex algorithm.
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The mass-selected electron and ion images corresponding to the CH3" fragment ion
dissociated from CH3CI™ ion were recorded at the fixed photon energy hv = 16.80 eV and are
displayed in Figure 2(a) and (b). The upper half part of the electron image represents the raw
data and the lower corresponds to the results from the pBasex inversion algorithm®®. Two
rings corresponding to the A?A; and B°E states can be discerned with an obvious anisotropic
distribution and partially overlap in the electron image. The CH3" ion image exhibit a large
diameter circular pattern indicating that a large kinetic energy has been released in the

dissociation.
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FIG. 3. (a) Electron and ion Kinetic energy correlation diagram in the dissociation of CH;CI" along the CH5"
fragmentation channel recorded at hv = 16.80 eV; (b)-(f) Total center of mass KER of the CH;" and ClI
fragments in the dissociation of CH;CI" at selected electron binding energies of 14.00, 14.40, 14.90, 15.10 and
15.90 eV, the black dots represent the raw data, and the red solid lines correspond to the fitted results with
Boltzmann and/or Gaussian functions (blue dotted lines).

By combining the electron and ion images in coincidence, the electron and ion kinetic
energy correlation diagram is obtained and displayed in Figure 3(a). It is shown that the
CH3CI" ions can be prepared in the 13.5-16.8 eV electron binding energy range with the hv =
16.80 eV photons, including the A%A; and B’E states, which then dissociate to the CH3"

fragment ions. The contour of the correlation diagram can be divided into two parts, an
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intense part with electron binding energies of 13.5 ~ 14.8 eV and a weak part with electron
binding energies of 14.8 ~ 16.8 eV. For the intense part, the KER in the fragmentation
presents a nearly linear increase with the binding energy, consistent with a dissociative
potential energy surface, while for electron binding energies above 15 eV, the KER loses this

dependency and dramatically peaks at low KER.
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FIG. 4. (a) KER(CH;") < 0.8 eV and (b) KER(CH5") < 0.1 eV kinetic energy filtered PES of CH;CI recorded at
hv = 16.80 eV. The AIEs of the A?A; and B?E states of CH;CI" are also marked with arrows in the figure.

The total center of mass KERs of the CHs" and CI fragments dissociated from energy-
selected CHsCI™ ions with electron binding energies of 14.00, 14.40, 14.90, 15.10 and 15.90
eV are presented in Figure 3(b~f). The shape of the total KER curves changes with electron
binding energy. The KER curves at lower binding energies of Figures 3(b) and (c) suggest a
large kinetic energy and are fitted well with a Gaussian function. They correspond to the
intense part of the correlation diagram and are attributed to the fast direct dissociation of the

A?A; state.”® At higher electron binding energy, in Figure 3(d) and (e), an additional
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Boltzmann function is needed to the fit of the total KER curves, corresponding to the weak
part of the correlation diagram and to the statistical dissociation of the B2E state,”® whose
intensity increases with binding energy and dominates above 15.9 eV, as seen in Figure 3(f).
The overlapped A?A; and B?E states of CHsCI" therefore have been separated successfully in
the correlation diagram based on their different dissociation mechanisms along the CH3"
fragmentation channel.

The correlation diagram in Figure 3(a) can also be projected along the electron kinetic
energy (electron binding energy) axis for a given ion KER to yield PES filtered in ion mass
and kinetic energy. These projections can be used to maximize the separation of the A*A; and
BE states by their different KERs. For example, the iKE-filtered PES with KER(CHs") < 0.8
eV was extracted from the correlation diagram and presented in Figure 4(a). Both the A%A;
and BE states of CHsCI* can be identified in the iKE-filtered PES. Although the overall
shape is similar to the TPES of Figure 1(a), some differences can be identified in the PES, for
example, a near zero intensity in the Franck-Condon gap between the X°E and A?A; states, a
large intensity of the A%A; state and the deeper valley between the A?A; and B’E states,
which should be ascribed to the effect of autoionization in the TPES and the partial
photoionization cross section dependence on photon energy. The AIE of the A%A; state is
measured at 13.67 +0.03 eV by linear extrapolation and indicated with an arrow in the iKE-
filtered PES. Furthermore, by selecting the KER(CH3") with a maximum value of 0.1 eV, the
IKE-filtered PES was extracted again and is shown in Figure 4(b). Now only one band
corresponding to the B?E state appears in the PES, with a negligible intensity for the A*A;
state. From the iKE-filtered PES, the AIE of the B2E state has been accurately measured for
the first time at 14.77 £0.03 eV.

3.3 CH3" formation in dissociation of CHsF™ at hv = 19.50 eV

10
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Similar to the case of CH3CI", the dissociation of CHzF" ions in the different electronic
states is also state-specific®?, even outside the Franck-Condon region. The detailed
dissociation mechanism of CHsF" has also already been discussed in our recent publication
by using the method of i’PEPICO.?? The A?A; first excited state of CHsF" is still a repulsive
state along the CH5" fragmentation channel and the dissociation of the B’E state is also
statistical. So the above method can be employed to separate and measure the ionization
energies of the overlapped A?A; and BE states of CH3F" too.

The mass-selected electron and ion images corresponding to the CH3" fragment ion
dissociated from CHsF" ion were recorded at the fixed photon energy hv = 19.50 eV and are
displayed in Figure 2(c) and (d). Only one ring can be seen in the electron image, consistent
with the fact that the A%A; and BE states totally overlap. By combining together the electron
and ion images, the electron and ion kinetic energy correlation diagram is obtained and
shown in Figure 5(a). Similar to our previous results performed at hv = 18.50 eV, the
present correlation diagram also consists of two parts, a weak part with KER(CH3") < 0.4 eV
and an intense part with KER(CH3") = 0.4 ~ 1.7 eV. The total center of mass KERs of CH3"
and F fragments in dissociation of energy-selected CHsF " ions at electron binding energies of
16.30, 16.60, 17.00, 17.40 and 18.00 eV have been extracted and displayed in Figure 5(b ~ f).
At lower binding energy, in Figure 5(b) and (c), the total KER curves exhibit a peak with
large kinetic energy and can be correctly fitted with a Gaussian function. Above the binding
energy of 17.00 eV, an additional peak with small kinetic energy can be discerned in the KER

curves of Figure 5(d ~ f) that can be modeled with a Boltzmann function.

11



Physical Chemistry Chemical Physics

(b)

CH; Ion KE (eV)

Inten. (a.u.)

15 16 17 18 19 00 05 10 15 20 25 3.0 35
Electron Binding Energy (eV) Total KER (eV)

FIG. 5. (a) Electron and ion kinetic energy correlation diagram in dissociation of CHsF" along the CH3"
fragmentation channel recorded at hv = 19.50 eV; (b)-(f) Total center of mass KER of the CH;" and F fragments
in dissociation of CHsF" at selected electron binding energies of 16.30, 16.60, 17.00, 17.40 and 18.00 eV, the
black dots represent the raw data, and the red solid lines correspond to the fitted results with Boltzmann and/or
Gaussian functions (blue dotted lines).

The Gaussian function in the total KER curves is attributed to the direct dissociation of
the A%A; state and the Boltzmann is correlated to the statistical dissociation from the B*E
state, and are associated with the intense and weak parts of the correlation diagram,
respectively.?? These results show that the totally overlapped A?A; and B2E states have been
disentangled in the correlation diagram and total KER curves. As for CH3CI", the AIE of the
A?A; state of CHsF* has been measured at 16.08 +0.03 eV by linear extrapolation of the
onset. But for the very weak B’E state, its AIE can be inferred at 17.00 +0.05 eV from the
appearance of the Boltzmann component, as seen in Figure 5(a).
4. Conclusion

We have measured the ionization energies of the overlapped A?A; and B’E electronic
states of CHsCI* and CHsF" ions utilizing the i2PEPICO method®®. The A%A; and BZE states
overlap in the TPES due to a small energy difference between them and cannot be separated

even with a higher energy resolution. However experimental results have shown that the

12
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dissociations of energy-selected CH3CI* and CHsF* ions in the A?A; and BE states are state-
specific along the CH5" fragmentation channel. The A?A, state is a repulsive state and a large
kinetic energy has been released in dissociation, while the dissociation of the B2E state is
statistical accompanied with a small kinetic energy release. The two A?A; and BE states,
which overlap if only the excitation energy (hv-eKE) is taken into account, are clearly
separated in the electron and ion Kinetic energy correlation diagrams based on their different
dissociation mechanisms, leading to different KERs, along the CH3" fragmentation channel.
This way, the AIEs of the A%A; and B°E states of CHsCI" have been measured at 13.67 =+
0.03 and 14.77 +0.03 eV, and 16.08 +0.03 and 17.00 =0.05 eV for CHzF". This method can
be generalized to separate ionic states that are otherwise overlapped in normal PES and TPES,
especially with the multiplex capabilities of imaging electron/ion coincidence techniques
associated with VUV light sources. The latter does not need to be fully continuously tunable,
but should allow for the selection of a suitable single energy.
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CH3Cl + hv --> CHy + Cl + ¢ (S
KE(CH; ) <0.1 eV BzF
= wl
3 &
55) = -
X 2
g 2
S =
] =k
) v AIE
o L 14.77 eV
A'A, l
n . .
13 14 15 16 13 14 15 16
Electron Binding Energy (eV) Electron Binding Energy (eV)

Table of contents. The overlapped A?A; and B?E electronic states of CHsCI* have been
separated and their adiabatic ionization energies have been measured from electron and ion

kinetic energy correlation diagram based on their different dissociation dynamics.
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