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Utilizing threshold photoelectron-photoion coincidence (TPEPICO) velocity imaging, dissociation
of state-selected CH3Cl+ ions was investigated in the excitation energy range of 11.0–18.5 eV.
TPEPICO time-of-flight mass spectra and three-dimensional time-sliced velocity images of CH3

+

dissociated from CH3Cl+(A2A1 and B2E) ions were recorded. CH3
+ was kept as the most dominant

fragment ion in the present energy range, while the branching ratio of CH2Cl+ fragment was
very low. For dissociation of CH3Cl+(A2A1) ions, a series of homocentric rings was clearly
observed in the CH3

+ image, which was assigned as the excitation of umbrella vibration of CH3
+

ions. Moreover, a dependence of anisotropic parameters on the vibrational states of CH3
+(11A′)

provided a direct experimental evidence of a shallow potential well along the C–Cl bond rupture.
For CH3Cl+(B2E) ions, total kinetic energy released distribution for CH3

+ fragmentation showed
a near Maxwell-Boltzmann profile, indicating that the Cl-loss pathway from the B2E state was
statistical predissociation. With the aid of calculated Cl-loss potential energy curves of CH3Cl+,
CH3

+ formation from CH3Cl+(A2A1) ions was a rapid direct fragmentation, while CH3Cl+(B2E)
ions statistically dissociated to CH3

+ + Cl via internal conversion to the high vibrational states
of X2E. © 2012 American Institute of Physics. [doi:10.1063/1.3676411]

I. INTRODUCTION

As an important chemical reagent with a high symme-
try of C3V, spectroscopy and molecular structures of methyl
chloride (CH3Cl), and its ion have been widely studied in the
past decades. The electron configuration of the ground state
of CH3Cl molecule is (1a1)2(2a1)2(1e)4(3a1)2(2e)4, X1A1.1–3

Removing an electron from outer orbitals, e.g., 2e, 3a1, or 1e,
can generate CH3Cl+ ion in the X2E, A2A1, or B2E states, re-
spectively. An early high resolution photoelectron spectrum
of CH3Cl in the excitation energy range of 11–20 eV was
recorded using He I ionization source,3 where the lower ly-
ing electronic states of CH3Cl+ were assigned. Vibrational
structure was observed for the X2E ground ionic state, while
the A2A1 and B2E states of CH3Cl+ ions overlapped with-
out any vibrational structure. Vertical ionization energies for
the X2E3/2 (2E1/2), A2A1, and B2E3/2 (2E1/2) ionic states were
measured to be 11.289 (11.316), 14.4, and 15.4 (16.0) eV, re-
spectively. Using synchrotron radiation (SR) as light source,
Olney et al.2 and Locht et al.4 measured absorption spectrum
and threshold photoelectron spectrum (TPES) of CH3Cl. An-
gular distributions of electron in photoionization of CH3Cl
were measured as well, and their anisotropic parameters were
obtained.5–7

Combining electron impact ionization and time-of-flight
(TOF) mass spectrometer, Tsuda et al.8, 9 recorded the ion-

a)Author to whom correspondence should be addressed. Electronic mail:
xzhou@ustc.edu.cn.

ization efficiency curves of CH3
+, CH2Cl+, and CH2

+ frag-
ment ions and obtained their appearance potentials (AP).
By improving the energy resolution of electron, Lossing10

and Werner et al.11 observed ionization efficiency curves of
CH2Cl+ and CH3

+, and suggested their adiabatic appear-
ance potentials at 13.02 eV for CH2Cl+ and 13.38 eV for
CH3

+. Subsequently, Brunetti et al. measured the cross sec-
tion and branching ratios of CH2Cl+ and CH3

+ fragment ions
using penning ionization,12, 13 where CH2Cl+ fragment ions
appeared at adiabatic onset (13.02 eV) with a low branch-
ing ratio. However, CH2Cl+ was not observed at the excita-
tion energy of lower than 15 eV in photoelectron-photoion
coincidence (PEPICO) experiments,14, 15 although the energy
was higher than its AP(CH2Cl+, 13.02 eV). A similar phe-
nomenon was also obtained in the photofragmentation of
CH3Cl+ at 366 nm, where CH3Cl+ ions were produced by
13.5 eV electron impact.16 Thus a potential explanation for
this inconsistency is needed.

For the dissociation dynamics of state-selected CH3Cl+

ions, several experimental and theoretical investigations have
been performed. Using mass-analyzed ion kinetic spectrom-
etry, Won et al.17 obtained kinetic energy released distribu-
tions (KERD) for different dissociation pathways of CH3Cl+

and proposed that CH3
+ dissociated from CH3Cl+(A2A1) ion

was produced via a direct dissociation whereas the dissocia-
tion of CH3Cl+(B2E) ion was statistical. Using complete ac-
tive space self-consistent-field (CASSCF) and multiconfigu-
ration second-order perturbation theory (CASPT2), Xi et al.18

calculated the Cl-loss and H-loss potential energy curves for

0021-9606/2012/136(3)/034304/8/$30.00 © 2012 American Institute of Physics136, 034304-1
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the lower lying electronic states of CH3Cl+, and suggested
brief dissociative mechanisms of CH3Cl+(A2A1 and B2E). In
addition, ion-pair dissociation of CH3Cl was studied by Liu
et al.19

Although many experimental and theoretical studies have
been performed on the dissociation of CH3Cl+, dissocia-
tion mechanism, kinetic energy and internal state distribu-
tions of fragments, in addition to the angular distributions
of CH3

+ are still not clarified. Especially, resolution of ki-
netic energy released during dissociation obtained in Won
et al.’s experiment17 is not high enough to determine the
vibrational state distribution of CH3

+, and thereby the de-
tailed information of dissociation dynamics may be buried.
In this work, a recently developed TPEPICO velocity map
imaging20 technique has been applied for investigation of dis-
sociation dynamics of state-selected CH3Cl+ ions. Due to
the high energy resolution of ion velocity imaging,21–23 ve-
locity distribution of CH3

+ is measured and its correspond-
ing vibrational distributions are identified. Moreover, angu-
lar distributions of CH3

+ dissociated from specific state-
selected CH3Cl+ ion are obtained directly from its TPEPICO
images as well. Therefore, the overall dissociative mecha-
nism of state-selected CH3Cl+(A2A1 and B2E) ions will be
proposed.

II. EXPERIMENTAL

The present TPEPICO measurements were performed
at U14-A beamline of National Synchrotron Radiation Lab-
oratory, Hefei, China. Details of the beamline24 and the
TPEPICO velocity map imaging spectrometer20 were de-
scribed previously, and thus only a brief introduction was pre-
sented here.

Synchrotron radiation from an undulator was dispersed
with a 6 m monochromator equipped with a 370 grooves
mm−1 spherical grating, and covered the photon energy range
of 7.5–22.5 eV. The absolute photon energy scale of the grat-
ing was calibrated using the well-known ionization energies
of gases, e.g., nitrogen and inert gases (Ar, Kr, and Xe). The
resolution power (E/�E) of photon energy was about 2000
with 80-μm width entrance and exit slits of the monochro-
mator. A continuous molecular beam (MB) was generated
through a 30 μm diameter nozzle with a stagnation pressure
of 1.8 atm. The MB intersected with SR at 10 cm downstream
after passing through a 0.5-mm diameter skimmer. The typi-
cal backing pressures of the source and ionization chambers
were 7 × 10−3 Pa and 6 × 10−5 Pa with the MB on.

Photoelectrons and photoions were pushed apart by a
dc extraction field, and both of their velocity images were
mapped simultaneously at opposite direction. A repelling ve-
locity focusing electric field20 was utilized to amplify electron
image and suppress most part of hot electrons. In addition, a
mask with a 1-mm diameter hole and an outside ring located
at the end of electron tube was used to collect threshold and
hot electrons, and then a subtraction method25 was employed
in threshold photoelectron spectra to eliminate the contami-
nation of hot electrons.

Single-start/multiple-stop26 data acquisition mode was
chosen to record TPEPICO TOF mass spectra of ions, where

the measured threshold photoelectrons were used to provide
start signals for ions. Through dc electric field of veloc-
ity map imaging, ions were accelerated and projected onto
a dual micro-channel plate (MCP) backed by a phosphor
screen (Burle Industries, P20). To measure TPEPICO veloc-
ity images, a high voltage was applied to MCPs as a mass
gate, whose duration could be varied from 60 ns to dc de-
pending on the arriving time of target ions. A TE-cooling
CCD detector (Andor, DU934N-BV) was used to record
the images on the screen. Intensities of the detected elec-
trons and ions were normalized using the photon flux from
a silicon photodiode (International Radiation Detectors Inc.,
SXUV-100).

Commercial CH3Cl gas (99.9%) without further purifi-
cation was used in experiments. Due to low photoionization
cross section in the excitation energy range of 12–18 eV, a
pure CH3Cl beam was used in measurements of TPES and
TPEPICO TOF mass spectra. However, a thermal background
in the beam is obvious as shown in the following TOF mass
spectra, which will inevitably cause recorded images blurred.
Therefore, a CH3Cl/Ne (1:9) mixture gas was used in our
TPEPICO velocity imaging experiments in order to reduce
influence of thermal background in the beam.

III. RESULTS AND DISCUSSION

A. Threshold photoelectron spectrum of CH3Cl in the
excitation energy range of 11.0–18.5 eV

With an extraction electric field of 15 V cm−1, TPES of
CH3Cl in the excitation energy range of 11.0–18.5 eV was
recorded, where energy increment was 15 meV. As resolu-
tion of the present threshold photoelectron energy was about
9 meV (full width at half magnitude, FWHM),20 main vibra-
tional structures of the electronic states of CH3Cl+ could be
discerned. Figure 1 shows the modified TPES after subtract-
ing contributions of residual hot electrons.

The lower energy band in Fig. 1 covers an energy range
of 11.2–12.2 eV and exhibits a series of resonance peaks,

FIG. 1. Threshold photoelectron spectrum of CH3Cl in the energy range of
11.0–18.5 eV with a step size of 0.015 eV. The energies pointed by arrows are
the dissociation limits, and TPEPICO velocity images of CH3

+ are recorded
at the energies noted with stars.
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which can be assigned to the vibrational structures of the
ground state, X2E3/2 and X2E1/2, of CH3Cl+. Both intensi-
ties and resonance energies of these vibrational bands agree
very well with previous measurements.1, 3 In the energy range
of 12.2–18.5 eV, a double-peak band is observed in TPES
and no vibrational structure can be discerned, which is very
similar to previous TPES (Ref. 1) and high resolution photo-
electron spectrum.3 However, relative intensities of two peaks
are much different between the present and previous TPES.1

In the previous TPES,1 relative intensity of the double-peak
band was close to that of X2E state, which was quite differ-
ent with the present observation. It is well known that a ma-
jor disadvantage in previous TPES measurement is contami-
nation of collected threshold electron by energetic electrons.
However, our spectrometer has an excellent ability to suppress
hot electrons with application of a decelerating ion lens,20 and
thus the most contaminations of energetic electrons are not in-
volved in TPES. Therefore, the present intensities of all bands
in Fig. 1 are believed to be more reliable.

According to the previous spectral assignments,1, 3 both
the A2A1 and B2E states of CH3Cl+ ions are assigned to the
double-peak band, and the intensity of A2A1 state is slightly
higher than that of B2E. Due to such a small energy gap be-
tween these two excited ionic states, the A2A1 and B2E bands
are overlapped in some extent. Thus in the energy range of
14.8–15.6 eV, both the B2E band and the high-excited vi-
bronic levels of the A2A1 state can be excited simultaneously,
and hence the corresponding dissociation of CH3Cl+ are ex-
pected along two dynamic processes from the A2A1 state or
the B2E state, which will be discussed in Sec. III F.

B. TPEPICO time-of-flight mass spectra

In the present excitation energy range, many dissociation
channels of CH3Cl+ ions are possible in thermodynamics,
and CH2Cl+, CH3

+, CH2
+, Cl+, and HCl+ fragment ions are

expected to be produced. Thus, three TPEPICO TOF mass
spectra were measured at photon energies of 11.290, 14.530,
and 15.480 eV, respectively, which correspond to the X2E3/2,
A2A1, and B2E bands. Only CH3

+ and CH2Cl+ fragment ions
were observed among all possible thermodynamic ionic prod-
ucts, and therefore the two most dominant dissociation path-
ways were investigated in the present work as follows:

CH3Cl+ → CH2Cl+(11A′) + H, (1)

→ CH3Cl+(11A1) + Cl. (2)

In addition, both of them are two lowest channels for disso-
ciation of CH3Cl+ ions, and the corresponding dissociation
limits are 13.02 eV and 13.38 eV, respectively.11

TPEPICO TOF mass spectra measured with an extraction
electric field of 15 V cm−1 are shown in Fig. 2, where (a) was
recorded at 11.290 eV, (b) and (c) were obtained at 14.530
and 15.480 eV, respectively. At 11.290 eV, CH3Cl+ ions were
generated at the lowest vibronic level of X2E3/2 state. Since
the excitation energy was lower than any dissociation limits,
only two molecular ions with TOF of 14.55 μs and 14.84 μs
were observed, which corresponded to CH3

35Cl+(m/z = 50)
and CH3

37Cl+(m/z = 52) ions, respectively. Both isotopes of

FIG. 2. Energy-selected TPEPICO TOF mass spectra for dissociative pho-
toionization process of CH3Cl. (a) At 11.290 eV (X2E3/2 state of CH3Cl+);
(b) at 14.530 eV (A2A1); (c) at 15.480 eV (B2E).

CH3Cl+ ion were clearly observed with intensities of their
nature abundance. Moreover, the TOF profile of CH3

35Cl+

ions showed a wide wing in Fig. 2(a), which was contributed
by amounts of thermal background in the beam of pure CH3Cl
gas. Thus, a diluted MB of CH3Cl/Ne (1:9) was used in order
to reduce the thermal background as much as possible during
measurement of TPEPICO velocity map imaging.

When the excitation energy was higher than dissocia-
tion limits of the channels (1) and (2), both CH2Cl+ (m/z
= 49) and CH3

+ (m/z = 15) fragment ions were clearly ob-
served as shown in Figs. 2(b) and 2(c), while no CH3Cl+ (m/z
= 50, 52) ions existed. Thus, the A2A1 and B2E states of
CH3Cl+ are unstable and completely dissociative. CH3

+ frag-
ment ions were kept dominant in the excitation energy range
of 13.4–18.5 eV, while the branching ratio of CH2Cl+ ions
was very low. Compared with the A2A1 state, less CH2Cl+

ions were produced from CH3Cl+(B2E) ions, which are con-
sistent with the previous results of mass spectra using SR
photoionization.1 However, in the PEPICO investigations us-
ing He I light source, no CH2Cl+ ions were observed at an
excitation energy of lower than 15 eV.14, 15 Similar conclu-
sions were also obtained in photodissociation of CH3Cl+ at
366 nm.16, 17 In order to explain the inconsistency, Baer27

suggested that a dark electronic state of CH3Cl+ near A2A1

caused C–H bond cleavage, but it was rejected by conclusions
of ab initio calculation.18 Only the ground X2E state adiabat-
ically correlated to the CH2Cl+(11A′) + H dissociation limit
among three low-lying electronic states.18 Therefore, the in-
consistency between the present and previous results is be-
lieved original from contribution of autoionization process. In
SR-based photoionization, molecular ions could be prepared
from direct ionization and/or autoionization processes. Thus
in the energy range of A2A1 state, parts of CH3Cl+ ions were
also produced at the high vibrational level of X2E state via au-
toionization process, and then dissociated to CH2Cl+ and H
atom along the potential energy surface of X2E. On the con-
trary, the autoionization cross section is probably very low
at the energy of He I light source, and thus all CH3Cl+ ions
were generated at the ionic excited electronic state from direct
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FIG. 3. TPEPICO velocity image and intensity distributions of CH3
35Cl+(X2E3/2) ions at 11.290 eV. (a) The raw image; (b) intensity distributions along x

axis, where black circles are experimental data and red line is the least-square fitting with a Gaussian profile; (c) intensity distributions along y axis.

ionization in PEPICO experiments.14, 15 For CH3Cl+(A2A1)
ions, the adiabatic C–H bond cleavage will produce the
excited CH2Cl+(1A′′) ion and the corresponding dissocia-
tion limit is higher than the present excitation energy as cal-
culated in Ref. 18, and hence no CH2Cl+ fragments were
observed.

As shown in Figs. 2(b) and 2(c), the widths of two TOF
peaks of CH2Cl+ and CH3

+ were broadened due to released
kinetic energy in dissociation. As the signal-to-noise ratio
of CH2Cl+ fragment ion was poor, we did not measure its
TPEPICO velocity image. For CH3

+ fragment ion, its TOF
profile in Fig. 2(b) was recorded with a nearly rectangu-
lar contour and a FWHM of 500 ns at 14.530 eV, implying
that dissociation along the channel (2) is fast. It was very
interesting that the TOF profile of CH3

+ changed its con-
tour to a nearly triangle when the excitation energy was in-
creased to 15.480 eV, as shown in Fig. 2(c). Moreover, its
FWHM decreased to 320 ns although the available energy
for the dissociation channel (2) was increased much. Since
CH3Cl+(A2A1) and CH3Cl+(B2E) ions were mostly prepared
at 14.530 eV and 15.480 eV, respectively, dissociative mech-
anisms of CH3Cl+ ions along the channel (2) are expected to
be entirely different for the A2A1 and B2E states.

C. TPEPICO velocity image of CH3Cl+
in the X2E3/2 state

Kinetic energy resolution of the present ion velocity
imaging is better than 3% of �E/E,20 and hence vibrational
state population of fragment can be discerned. Therefore,
we performed TPEPICO velocity imaging measurements for
the X2E, A2A1, and B2E electronic states of CH3Cl+ ions,
respectively.

At 11.290 eV, no fragmentation process of CH3Cl+ hap-
pened. Thus, only image of CH3

35Cl+ ions was recorded and
presented in Fig. 3(a), where SR propagated along the direc-
tion of x axis, and electric vector ε of photon was along y
axis. Since MB flew along y axis from top to bottom and the

TOF axis was perpendicular to MB, the image of CH3
35Cl+

ions was eccentric from the center of CCD along the beam
direction as shown in Fig. 3(a).

Due to a perpendicular geometry of MB direction
and the TOF axis, the velocity spread of beam inevitably
causes recorded images broadened along MB direction (y
axis).20, 21, 28 On the contrary, the image along x axis is
scarcely affected due to collimation of the skimmer. As
Figs. 3(b) and 3(c) shown, intensity distributions of the im-
age along x axis and y axis have Gaussian profiles, where the
FWHMs are 9 and 27 pixels, respectively. Thus, the recorded
image presents an elliptical contour in Fig. 3(a). In this case,
the real ion images need to be handled prior to extracting
speed and angular distributions through a multi-step data re-
duction scheme including quadrant symmetrization and de-
convolution. Its details have been described in the supple-
mentary material of Ref. 28. From the intensity distribution
in Fig. 3(c), the parallel translational temperature of MB can
be estimated as 18 K,29 which will be used in deconvolution
of CH3

+ images in Secs. III D–III E.

D. TPEPICO 3D time-sliced velocity image of CH3
+

in the A2A1 state

Figure 4(a) shows the recorded TPEPICO 3D time-sliced
image of CH3

+ dissociated from CH3Cl+(A2A1) ions at
14.530 eV, where a mass gate of 60 ns was applied. Besides
a major structure of multi-ring, there is a bright off-centered
spot, which is composed by CH3Cl+ ions from false coinci-
dence events. The pure image of CH3

+ fragment can be ob-
tained through subtracting a false coincidence image as de-
scribed in Ref. 30. Subsequently, the data reduction process
of deconvolution and quadrant symmetrization is necessary to
obtain the real ion images, in order to subtract contamination
in the raw images from velocity spread of MB. Thus the mod-
ified image of CH3

+ fragment ions at 14.530 eV is presented
in Fig. 4(b), where the direction of MB and electric vector ε

of photon are fixed as the same as Fig. 3(a).
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FIG. 4. TPEPICO 3D time-sliced images of CH3
+ ions and total kinetic energy released distributions from dissociation of CH3Cl+(A2A1) ions at

14.530 eV. (a) The raw image; (b) the modified image; (c) the corresponding total kinetic energy released distributions, where circles are experimental data and
the least-square fitting with six Gaussian profiles are shown with solid line.

A series of homocentric rings are clearly observed in
Fig. 4(b), which is contributed by CH3

+ ions with differ-
ent velocities. By accumulating intensity of the image over
angles, speed distribution of CH3

+ fragment ions is acquired
directly. From the conservation of linear momentum, total
KERD in dissociation of CH3Cl+(A2A1) ions can be ob-
tained and shown in Fig. 4(c). Benefit from high energy res-
olution of velocity imaging, the present KERD shows more
clear internal energy distributions than previous results,15, 17

that five distinct peaks corresponding to vibrational excita-
tion of fragment are observed in the total KERD. Based on
the energy conservation in dissociation, assignment of these
peaks in terms of the vibrational states of CH3

+ can be ob-
tained and shown in Fig. 4(c). Relation between the inter-
nal energy of CH3

+ fragment ion, Eint, and the total re-
leased kinetic energy, ET, can be expressed as the following
formula:

hv − D0 = Eavail = Eint + ET , (3)

where hv is photon energy, Eavail is available energy after
dissociation and D0 is the dissociation limit for a specific
channel.

In the dissociation process to form CH3
+, the C–Cl bond

of CH3Cl+ ions is broken and carbon atom moves towards
the plane of three H atoms under the action of the recoil mo-
mentum of the leaving chloride atom. As such a movement
is very similar to the umbrella vibration (v2

+) of CH3
+, the

v2
+ mode is expected to be dominantly excited during the

fast dissociation. In fact, the energy intervals between the ad-
jacent peaks in Fig. 4(c) are very close to the v2

+(CH3
+) vi-

brational frequency, 1380 cm−1.19, 31 Taking the dissociation
limit D0 = 13.38 eV for the CH3

+(11A1) + Cl channel,11 the
maximal v2

+ quantum number of CH3
+ is equal to 6. There-

fore, the possible vibrational state population of CH3
+ disso-

ciated from CH3Cl+(A2A1) ions can be assigned and shown
in Fig. 4(c) as well. Moreover, relative intensities of every vi-
brational state can be estimated through fitting the total KERD
with six Gaussian profiles, and summarized in Table I. Ob-
viously, an occurrence of vibrational population reversion is
happened for CH3

+(11A1) fragment ions. As the assignments
shown, the maximum vibrational population of CH3

+(11A1)
is located at v2

+ = 3. In addition, no other vibration modes
of CH3

+ are observed in the total KERD, indicating that

the C3V geometry of CH3
+ moiety is kept during dissocia-

tion and no distinct intermolecular vibrational redistribution
happens.

From the image of Fig. 4(b), angular distributions of
CH3

+ fragment ions can be derived by integrating the im-
age over a proper range of speed at each angle. Consequently,
anisotropic parameters β for dissociation pathways to form
CH3

+(11A1) in a special vibrational state can be calculated
by fitting the angular distribution, I(θ ), with the following
formula:32

I (θ ) = 1

4π
[1 + β · P2(cos θ )] , (4)

where θ is the angle between the recoil velocity of fragment
and the electric field vector ε of photon, and P2(cos θ ) is the
second-order Legendre polynomial. Thus the anisotropic pa-
rameters β for CH3

+(11A1) ions in the vibrational states of
v2

+ = 2, 3, and 4 are obtained to be 0.44, 0.37, and 0.22,
which are listed in Table I as well. For CH3

+(11A1) at the
other vibrational states, e.g., v2

+ = 1 and 5, the β values are
estimated to be 0.5 and 0.1, respectively, but relative large
uncertainties exist due to their poor signal-to-noise ratios in
images. Thus we do not summarize them in Table I. Ob-
viously, all β values are positive, indicating that dissocia-
tion of CH3Cl+(A2A1) ions has a character of parallel tran-
sition. In addition, a dependence of β on the vibrational states
of CH3

+(11A1) ions is shown, which will be discussed in
Sec. III F.

TABLE I. Vibrational state distribution of CH3
+ dissociated from CH3Cl+

ions at 14.530 eV.

Vibronic level Relative FWHM of Anisotropic
of CH3

+(11A1) intensity profile (eV) parameter, β

v2
+ = 0 < 0.01 . . . . . .

v2
+ = 1 0.17 0.09 . . .

v2
+ = 2 0.72 0.07 0.44 ± 0.09

v2
+ = 3 1.00 0.06 0.37 ± 0.07

v2
+ = 4 0.64 0.06 0.22 ± 0.09

v2
+ = 5 0.21 0.08 . . .

v2
+ = 6 0.07 0.11 . . .
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FIG. 5. TPEPICO 3D time-sliced images of CH3
+ ions and total kinetic energy released distributions from dissociation of CH3Cl+(B2E) ions at 15.480 eV.

(a) The modified image; (b) the corresponding total kinetic energy released distributions, where circles are experimental data and the least-squares fitting with
a Maxwell-Boltzmann profile are shown with solid line.

E. TPEPICO 3D time-sliced velocity image of CH3
+

in the B2E state

Fixed photon energy at 15.480 eV, CH3Cl+(B2E) ions
were mainly generated and subsequently dissociated. The
modified TPEPICO 3D time-sliced image of CH3

+ fragment
ions was shown in Fig. 5(a). Different from the structure of
homocentric rings in Fig. 4(b), only a pancake was observed
in Fig. 5(a), where the brightest part was located at the center.

Through the data reduction process of substraction, de-
convolution, and quadrant symmetrization as described in
Ref. 28, total KERD in dissociation of CH3Cl+ ions at
15.480 eV was obtained and presented in Fig. 5(b). The
average released kinetic energy in dissociation is obviously
smaller than that of CH3Cl+(A2A1) ions, which is consistent
with that suggested by the FWHM of TOF profiles in Fig. 2.
Moreover, the total KERD curve shows a near Maxwell-
Boltzmann profile as the red line in Fig. 5(b), indicating that
the CH3

+ formation pathway of CH3Cl+(B2E) ions is slow
via a statistical dissociation. These speculations were also
suggested by previous experimental studies.15

Interestingly, several peaks superimpose over a broad-
ened background in the total KERD curve of Fig. 5(b), and
energy intervals between these peaks look very close to those
in Fig. 4(c). Thus the umbrella vibration (v2

+) of CH3
+ seems

to be prominently excited during dissociation, which is in-
consistent with the statistical dissociation of CH3Cl+(B2E)
ions. However, as shown in TPES of Fig. 1, CH3Cl+ ions
can be prepared in both the B2E state and the high-excited
vibronic levels of the A2A1 state at 15.480 eV, although the
most part of CH3Cl+ ions were certainly in the B2E state.
Therefore, dissociation from the minority CH3Cl+ ions at the
high-excited vibronic levels of A2A1 contributes the peaks in
total KERD curve of Fig. 5(b).

From the image of Fig. 5(a), the angular distribution of
CH3

+ was plotted as shown in Fig. 6. The angular distribu-
tions were very similar for all released kinetic energies. Using
the formula (4), the anisotropic parameter β is obtained to be
−0.32. Therefore, dissociation of CH3Cl+(B2E) has a char-

acter of perpendicular transition and is entirely different from
the parallel dissociation of CH3Cl+(A2A1).

F. Dissociative mechanism of CH3Cl+ ions

From the images and total KERD curves in Figs. 4 and
5, the energy distributions of CH3

+ dissociated from CH3Cl+

ions at 14.530 and 15.480 eV can be estimated. The average
total released kinetic energies, 〈ET〉, as well as the average
vibrational energy 〈Evib〉 and rotational energy 〈Erot〉 of CH3

+,
are summarized in Table II.

In the A2A1 state, CH3Cl+ dissociates fast along the C–
Cl bond rupture with C3V geometry. “Impulsive model” is ex-
pected to describe its dissociative mechanism, in which the
proportion of average total kinetic energy 〈ET〉 and available
energy Eavail can be calculated as the following formula:

fT = 〈ET 〉
Eavail

= μC−Cl

μCH3−Cl
= 0.85, (5)

FIG. 6. Experimental and fitted angular distributions of CH3
+ dissociated

from CH3Cl+(B2E) at 15.480 eV, where open circles represent experimental
data and solid line is the fitted curve.
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TABLE II. Energy distribution of CH3
+ dissociated from CH3Cl+ ions.

hv Eavail 〈ET〉 fT = 〈Evib〉 〈Erot〉
(eV) (eV) (eV)a 〈ET〉/Eavail (eV)b (eV)c

A2A1

14.530 1.15 0.612 0.532 0.52 0.02
B2E
15.480 2.20 0.508 0.231

a〈ET〉 is the average total kinetic energy released in dissociation.
b〈Evib〉 is the average vibrational energy of CH3

+.
c〈Erot〉 is the average rotational energy of CH3

+, 〈Erot〉 = 〈Eavail〉–〈ET〉–〈Evib〉.

where μ is reduced mass. In this case, the geometry of methyl
group is initially kept during the fast dissociation until separa-
tion of Cl atom and CH3. The final umbrella vibration energy
of CH3 will be distributed from its initial kinetic energy. How-
ever, only 53% of available energy is taken by the translation
of CH3

+ ion and Cl atom at 14.530 eV as shown in Table II.
Therefore, the partial relaxation of methyl group happens to
change from the tetrahedral structure to planar during the im-
pulsive period of the dissociation process.

As shown in Table I, a dependence of β on the vibrational
states of CH3

+(11A1) is observed, which does not agree with a
usual conclusion of fast dissociation along a repulsive poten-
tial energy surface. Thus, details of potential energy surface of
CH3Cl+(A2A1) need to be carefully examined. The Cl-loss
potential energy curves of the low-lying electronic states of
CH3Cl+ are shown in Fig. 7, which are obtained by plotting
the calculated energies of electronic states at different C–Cl
bond length in Table III of Ref. 18. As the slight energy shifts
exist between experimental and calculated dissociation limits,
we vertically shifted the calculated curves in Fig. 7 in order
to match the experimental dissociation limits. It needs to be
noted that the X2E and B2E states should be divided to 2A′

and 2A′′ states when taking into account Jahn-Teller distor-
tion, however, only a little difference was observed between
the Cl-loss potential energy curves of the 2A′ and 2A′′ states.18

Therefore, we did not involve this effect in discussing the dis-
sociative mechanism of CH3Cl+ ions, as shown in Fig. 7.

FIG. 7. The Cl-loss potential energy curves of the low-lying electronic states
of CH3Cl+ ion along the C–Cl bond length, where the calculated curves from
Ref. 18 are slightly vertically shifted to match the experimental dissociation
limits. The Frank-Condon area is shown with blue pane.

For the A2A1 state, it adiabatically correlates to the
CH3

+(11A1) + Cl dissociation limit. In the Frank-Condon
area, the steep repulsive potential initially pushes Cl atom far
away quickly, and methyl group is almost kept the original
tetrahedral geometry. However, a shallow potential well exists
along the C–Cl bond rupture as shown in Fig. 7, although it is
not a true minimum in the CASSCF full geometry optimiza-
tion calculation.18 Thus, the binding interaction of the poten-
tial well is stronger with the v2

+ quantum number increas-
ing, and hence the dissociation time scale of CH3Cl+(A2A1)
to produce the CH3

+(11A1,v2
+) fragment ion is expected in-

creasing. Consequently, the CH3
+ formation process from

CH3Cl+(A2A1) ions tends to be isotropic as the v2
+ quantum

number increases.
As shown in Fig. 7, the B2E state is typical bound and

adiabatically correlates to the 13A′′ excited electronic state of
CH3

+. Because the present excitation energy is lower than
the adiabatically dissociation limit, the probable C–Cl cleav-
age of CH3Cl+(B2E) ions is through internal conversions to
the lower electronic states, A2A1 or X2E. According to the
perpendicular dissociation of CH3Cl+(B2E) with the β value
of −0.32, the unique potential mechanism is via internal con-
version to the high vibrational state of X2E and subsequently
statistical dissociation.

IV. CONCLUSIONS

Using synchrotron radiation as light source and
TPEPICO velocity imaging, state-selected dissociation dy-
namics of CH3Cl+ ions were investigated. In the excitation
energy range of 11.0–18.5 eV, the X2E, A2A1, and B2E states
of CH3Cl+ were observed in threshold photoelectron spec-
trum. The A2A1 and B2E bands show diffuse structures and
partially overlapped, indicating that both of them are fully dis-
sociative (or predissociative).

The energy-selected TPEPICO TOF mass spectra were
recorded for the photoionization processes of CH3Cl at
11.290, 14.530, and 15.480 eV, respectively, where CH3Cl+,
CH3

+, and CH2Cl+ fragment ions were clearly observed.
CH3

+ was kept as the most dominant fragment ions in the
present excitation energy range while the branching ratio
of CH2Cl+ ions was very low. According to the inconsis-
tency of experimental results between the present and previ-
ous PEPICO studies, CH2Cl+ fragment ions observed at the
excitation energy range of CH3Cl+(A2A1) are believed origi-
nal from dissociation of high vibronic level of CH3Cl+(X2E)
produced in autoionization process.

In order to reveal the CH3
+ formation pathway, 3D time-

sliced TPEPICO velocity map images of CH3
+ dissociated

from CH3Cl+(A2A1 and B2E) ions were recorded. KERD and
angular distribution were obtained subsequently from the im-
ages. For the A2A1 state, a series of homocentric rings is
clearly observed and assigned as the excitation of umbrella
vibration of CH3

+ during dissociation. Thus, the CH3
+ moi-

ety is kept with C3V geometry during dissociation as no other
vibrational modes are observed in the total KERD. Moreover,
the obtained β values are positive, indicating that dissociation
of CH3Cl+(A2A1) ions has a character of parallel transition.
In addition, a dependence of β on the vibrational states of
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CH3
+(11A1) ions is clearly observed, which provides a direct

experimental evidence of a shallow potential well along the
C–Cl bond rupture.

Different from the rapid dissociation, the total KERD
of CH3

+ fragmentation from CH3Cl+(B2E) ions did exhibit
a near Maxwell-Boltzmann profile. Besides CH3Cl+(B2E)
ions, the minority CH3Cl+ ions at the high-excited vibronic
levels of the A2A1 state were simultaneously produced at
15.480 eV, which contributed the small peaks superimposed
over a broadened background in the total KERD curve.

With the aid of previous calculated potential energy
curves of CH3Cl+ along the C–Cl ruptures, the dissocia-
tive mechanisms of CH3Cl+ in the A2A1 and B2E states
are obtained. CH3

+(A1A′) fragment ions can be produced
from CH3Cl+(A2A1) via a rapid direct dissociation, while
CH3Cl+(B2E) ions can dissociate via internal conversion to
the high vibrational states of X2E and subsequently statistical
dissociation.
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