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bond rupture, the majority of excess energy is carried by the
departing hydrogen atom, leading to only slightly broadened
time-of-flight (TOF) profiles for the resulting CH2F+ fragment.
This energy distribution pattern makes the accurate determi-
nation of kinetic energy release distribution (KERD)
challenging through TOF analysis alone. While theoretical
calculations30 suggest a statistical dissociation mechanism for
the X2E state due to its bound nature along the C−H
coordinate, experimental confirmation of the H-loss mecha-
nism remains elusive. The C−F bond cleavage dynamics from
the A2A1 and B2E states exhibit more complex behaviors.
Detailed analysis of CH3

+ TOF profiles11,29 revealed Gaussian-
type KERDs, indicating nonstatistical dissociation mechanisms.
These distributions were further supported by electron−ion
energy correlation measurements.17,18 High-level CASPT2//
CASSCF calculations30 of potential energy curves provided
crucial mechanistic insights: the A2A1 state shows a repulsive
character along the C−F coordinate, while the B2E state
remains bound. Based on these theoretical results, Tang et al.18

proposed state-specific dissociation mechanisms: direct C−F
bond cleavage occurs upon formation of CH3F+(A2A1),
yielding CH3

+(11A1’) and F(2P1/2), whereas CH3F+(B2E)
undergoes internal conversion to highly excited vibrational
levels of the X2E state prior to statistical dissociation into the
same products.

A critical examination of the dissociation dynamics reveals
important complexities in interpreting the experimental data.
The bound nature of the X2E state along both C−H and C−F
coordinates creates a competitive dissociation scenario when
excited parent ions internally convert to high vibrational levels
of X2E, simultaneously enabling both CH3

+ and CH2F+

formation. This competition underscores the necessity of
experimentally tracing the B2E→X2E internal conversion
pathway to unambiguously establish the mechanistic details
of subsequent C−F bond rupture. Resolving these complexities
requires either higher-resolution experimental techniques
capable of distinguishing between these overlapping contribu-
tions or detailed theoretical simulations that can quantitatively
account for the competing pathways and their branching ratios.

In this study, we employed TPEPICO velocity map imaging
coupled with VUV synchrotron photoionization31 to accu-
rately measure the KERDs and angular distributions of CH2F+

and CH3
+ fragment ions specifically correlated with state-

selected CH3F+ ions in X2E, A2A1, and B2E states. This
powerful technique has been proven particularly effective for
investigating dissociation dynamics in internal energy-selected
halogenated alkane ions.32−36 To complement our exper-
imental approach, we performed comprehensive theoretical
calculations including density functional theory (DFT) and
TD-DFT methods to re-examine the F-loss and H-loss
potential energy curves, along with RRKM calculations to
determine branching ratios between competing decomposition
pathways. This combined experimental-theoretical strategy
enables us to elucidate the distinct bond-rupture mechanisms
operative in each electronic state.

2. METHODS
2.1. Quantum Chemical Calculations
All quantum chemical calculations were performed using Gaussian 16
C.01 program package.37 To construct the adiabatic potential energy
curves for F-loss and H-loss processes of CH3F+ in X2E, A2A1, and
B2E states, we employed DFT (for X2E) and TD-DFT (for A2A1 and
B2E) methods at the ωB97-XD/aug-cc-PVTZ level, optimizing all

geometric parameters except the dissociating C−F or C−H bond
distance at each point along the reaction coordinate. The bound
nature of the X2E state along both C−H and C−F coordinates30

precludes the existence of classical transition states for these
barrierless dissociation pathways. Therefore, we performed harmonic
vibrational frequency analyses at partially optimized geometries along
the minimum energy paths to identify microcanonical variational
transition states at given energies.

2.2. Branching Ratio Computations
Unimolecular dissociation rate constant, k(E), for statistical
dissociation over a barrier, can be quantitatively described using the
RRKM theory38−40

=
·

·
k E

E E

E
( )

N ( )

h ( )
0

(1)

where E0 represents the barrier height, E−E0 is the excess energy
above the barrier, N‡(E−E0) denotes the sum of states at the
transition state, ρ(E) is the density of states of the dissociating parent
ion, and σ is the reaction degeneracy factor (σ = 3 for H-loss and 1 for
F-loss in CH3F+). Thus, along the H-loss and F-loss processes,
N‡(E−E0) and ρ(E) were calculated with Laplace transforms with the
Multiwell-2023 program suite, respectively.41−43 Subsequently, micro-
canonical variational transition states at a given energy E were located
at the minima of N‡(E−E0) along reaction coordinates.44 The
branching ratio between competing dissociation channels was then
determined as the ratio of their respective rate constants, kC−H(E)/
kC−F(E).

2.3. Experimental Apparatus
The present experiments were carried out at the National
Synchrotron Radiation Laboratory (Hefei, China), using a high-
resolution TPEPICO velocity-imaging spectrometer31 coupled to the
BL09U beamline.45 The undulator-generated VUV synchrotron
radiation was monochromatized to cover the 7.5−22.5 eV energy
range with a resolving power (E/ΔE) of ∼2000 at 15 eV. Accurate
energy calibration of the VUV photons was achieved through
reference to the well-known ionization energies of argon and neon.
To ensure spectral purity, a helium gas filter (maintained at ∼2 Torr)
was implemented upstream of the photoionization region to
effectively suppress higher-order harmonics contamination, while
the photon flux was continuously monitored using a calibrated silicon
photodiode detector.

The premixed CH3F/Ne (5% of partial pressure ratio) gas with a
stagnation pressure of 1.2 × 105 Pa was expanded into the
spectrometer through a 20 μm-diameter nozzle to form a supersonic
molecular beam. The beam was subsequently collimated by a 0.5 mm-
diameter skimmer and intersected with the VUV beam at 8 cm
downstream from the nozzle. A DC electric field (∼40 V·cm−1)
simultaneously extracted the resulting electrons and ions, projecting
them in opposite directions with velocity focusing to ensure optimal
velocity resolution.46 To enhance the purity of TPES, a mask with a 1
mm diameter hole and an outer ring was placed in front of the
electron detector to separate threshold and hot electrons, then a
subtraction technique was used to effectively eliminate contamination
from energetic electrons.47 The data acquisition system was operated
in a single-start multiple-stop mode, where threshold electrons served
as triggers for accurate TOF measurements of coincident ions at each
specific photon energy.48 Ion detection was achieved through a high-
resolution imaging system consisting of dual 40 mm diameter
multichannel plates (MCPs, Burle Industries) coupled to a P20
phosphor screen, with images captured by a thermoelectrically cooled
CCD camera (Andor, DU934N−BV). For time-resolved ion imaging,
we applied a ∼60 ns gate pulse to the MCPs using a high-voltage
switch (DEI, PVM-4210), enabling clear separation and analysis of
specific ion species in the TOF spectrum.
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3. RESULTS AND DISCUSSION
3.1. F-Loss and H-Loss Adiabatic Potential Energy Curves
of CH3F+

Figure 1 presents the F-loss and H-loss adiabatic potential
energy curves of CH3F+ in low-lying electronic states. As the
C−H or C−F bonds undergo cleavage, the molecular
symmetry of CH3F+ decreases from C3v in Franck−Condon
region to Cs, causing the splitting of the original 2E state into
two substates, 2A′ and 2A″. Along the C−F coordinate, the two
substates of X2E (12A′ and 12A″) maintain approximate
degeneracy in energy despite structural differences, both
displaying bound character and adiabatically correlating to
the CH3

+(11A1) + F(2P) dissociation limit. Conversely, the
A2A1 state (represented as 22A′ in Cs symmetry) shows a
typically repulsive nature along the C−F bond and correlates
to the same dissociation limit of X2E, while the B2E state splits
into two bound substates (32A′ and 22A″) with distinct
dissociation limits, CH3

+(13A1″) + F(2P) for 22A″ and

CH3
+(13A1) + F(2P) for 32A′. In the case of C−H bond

breakage, both X2E substates, 12A′ and 12A″, remain bound
but correlate with different dissociation channels, e.g. 12A′
connects to CH2F+(11A1) + H(2S), while 12A″ leads to the
higher-energy CH2F+(13A″) + H(2S) limit. Consequently, only
the lower-energy decomposition pathway forming
CH2F+(11A1) may be experimentally observable for C−H
bond cleavage. These computational results demonstrate
general agreement with previous CASPT2//CASSCF theoreti-
cal predictions.30

3.2. Branching Ratio of the Competing Dissociation
Pathways for X2E

It is worth noting that when highly vibrationally excited
CH3F+(X2E) is formed via internal conversion from electroni-
cally excited states (for example, B2E), both C−H and C−F
bond ruptures become thermodynamically feasible. The
branching ratios of these competing channels from the X2E
statistical dissociation can be estimated using RRKM theory,

Figure 1. Potential energy curves of CH3F+ in low-lying electronic states along the C−H and C−F coordinates, calculated with the DFT (for X2E)
and TD-DFT (for A2A1 and B2E) methods at the ωB97-XD/aug-cc-PVTZ level, where the ionization energies are relative to neutral CH3F in the
ground state, and the gray boxes indicate the Franck−Condon photoionization region along the C−H and C−F bond coordinates.

Figure 2. (a) Optimized geometries of the microcanonical variational transition states at 4.75 eV given internal energy along the C−H and C−F
coordinates, where bond length and bond angle are shown in units of angstrom and degree, respectively; (b) unimolecular decomposition rate
constants of the C−H and C−F bond-rupture pathways versus the ionization energy via the X2E ionic potential energy surface of CH3F+.
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serving as key criteria for assessing the reliability of the
statistical dissociation mechanism.

As indicated in Figure 1, no classical transition states were
found along the H-loss and F-loss pathways. Instead,
microcanonical variational transition states along the C−H
and C−F coordinates have been searched. The structures at a
4.75 eV given energy (corresponding to 17.28 eV photon
energy) were selected as the loose transition states for
calculating the decomposition rate constants, as illustrated in
Figure 2a. Notably, in these transition states (TS1 and TS2),
the fragment ion moieties (CH2F+ or CH3

+) adopt near-planar
geometries, consistent with their final products, CH2F+(11A1)
and CH3

+(11A1). The barrier heights after zero-point energy
correction were determined to be 0.58 and 1.78 eV,
respectively. The significantly lower energy of TS1 aligns
with the weaker nature of the C−H bond compared to C−F.

Using the calculated barrier heights, geometries and
vibrational frequencies of TS1 and TS2, we computed the
microcanonical decomposition rate constants, k(E), for the C−
H and C−F bond-rupture pathways at various internal energies
(corresponding to ionization energies). Figure 2b presents the
calculated unimolecular decomposition rate constants as a
function of the ionization energy via the X2E ionic state.
Notably, the k(E) values for the H-loss channel significantly
exceed those for the F-loss pathway within the present energy
range. The branching ratio, kC−H(E)/kC−F(E), was estimated to
be ∼33 at 17.28 eV and ∼21 at 18.38 eV, both of which
corresponded to the ionic internal energies via internal
conversion from the A2A1 and B2E states to X2E, respectively.
These substantial branching ratios unequivocally demonstrate
that CH2F+ is the dominant fragment when highly vibrationally
excited CH3F+ ions undergo statistical dissociation on the X2E
potential energy surface.
3.3. TPES and TPEPICO TOF Mass Spectra

The present threshold photoelectron spectrum of CH3F in the
photon energy range of 12.40−19.90 eV aligns well with
previous results,11,17 revealing three low-lying electronic states,
X2E, A2A1, and B2E. The X2E band, covering from 12.45 to
14.25 eV, exhibits discernible vibrational progressions on its

low-energy side, which have been attributed to C−F stretching,
C−F bending, and CH3 deformation vibrational modes.7,11

These vibrational features diminish at higher energies,
consistent with the C−H bond fission above the appearance
energy AE0(CH2F+/CH3F) = 13.358 eV.27 In contrast, the
A2A1 and B2E bands exhibit significant spectral overlap in the
energy range of 16.10−19.80 eV and lack resolved vibrational
structures.

To quantitatively determine the branching ratios of the C−
H and C−F bond-rupture pathways at different photon
energies, TPEPICO TOF mass spectra were recorded and
exhibited in Figure 3. At the low-energy region of the X2E
state, only CH3F+ parent ions were observed, with no
detectable fragmentation. When the photon energy increased,
CH2F+ fragment ions gradually became dominant. The TOF
distribution of CH2F+ displayed a narrow profile with a full
width at half-maximum (fwhm) of ∼40 ns, reflecting limited
kinetic energy distribution during decomposition. As the
photon energy increased beyond AE0 (CH3

+/CH3F) (14.51
eV), the relative yield of CH3

+ gradually rose while CH2F+

abundance declined.11 In the A2A1 and B2E energy range
(16.10−19.80 eV), CH3

+ fragment ion became the predom-
inant fragment with only trace amounts of CH2F+, as shown in
Figure 3, confirming the dominance of C−F bond cleavage.
Interestingly, the TOF fwhm of CH3

+ increased modestly from
350 to 440 ns as the photon energy significantly rose from
16.36 to 18.38 eV. This subtle broadening suggests that during
the C−F bond cleavage of CH3F+ in A2A1 and B2E states,
excess energy is primarily partitioned into internal energy
rather than translational motion. These observations highlight
the importance of velocity map imaging measurements to
accurately characterize the kinetic energy and angular
distributions of fragment ions, which are essential for
elucidating the detailed bond-fission dynamics of CH3F+ in
its excited electronic states.
3.4. TPEPICO Velocity Image of CH2F+ Dissociated from
CH3F+(X2E)

At 13.68 eV, only C−H bond-cleavage channel of CH3F+(X2E)
is thermodynamically accessible. The observed TOF fwhm of

Figure 3. TPEPICO TOF mass spectra for dissociative photoionization of CH3F at 13.68, 16.36, 17.28, and 18.38 eV.
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∼40 ns for CH2F+ fragment ions was too narrow for
conventional time-sliced velocity map imaging. To overcome
this limitation, we employed a 400 ns mass gate to capture
complete two-dimensional (2D) images of CH2F+ under a low
extraction field of 10 V·cm−1. Following careful subtraction of
false coincidence events, deconvolution and quadrant symmet-
rization,49 we obtained the 2D image and reconstructed 3D
velocity distribution via inverse Abel transformation (Figure
4a). The VUV electric vector (ε) was aligned along the vertical
direction in the images.

By integrating the image intensity over a selected radial
range at each angular position, the speed distribution of CH2F+

fragment ions was obtained. The corresponding total KERD
was then calculated through momentum conservation analysis,
as shown in Figure 4b. Remarkably, the experimental KERD
exhibits excellent agreement with a Maxwell−Boltzmann
distribution (red curve in Figure 4b), providing unambiguous
evidence for its statistical dissociation mechanism. This
conclusion is further corroborated by our calculated H-loss
potential energy curve (Figure 1), which confirms the
thermodynamically driven nature of the C−H bond cleavage
process.
3.5. TPEPICO Time-Sliced Velocity Images of CH3

+

To investigate the dissociation dynamics in the A2A1 and B2E
states, velocity map imaging of CH3

+ fragment ions was
performed at three representative photon energies: 16.36 eV
(just above the A2A1 band onset), 17.28 eV (the maximum of
the overlapped A2A1/B2E band), and 18.38 eV (on the high-
energy side of the B2E state). The broad TOF distribution of
CH3

+ (Figure 3) enabled straightforward time-sliced imaging.
At all three energies, the resulting images exhibited similar
anisotropic distributions, characterized by a single wide ring
(Figure 5). The corresponding total KERDs were derived from
these images. Notably, all three KERD profiles were well-
described by a single Gaussian function, in contrast to the
Maxwell−Boltzmann distribution observed for the X2E state.
This clear deviation from statistical behavior provides
compelling evidence for the nonstatistical dissociation
mechanism in the A2A1 and B2E energy range.

Notably, the ring radius in the images visibly expands from
16.36 to 17.28 eV, with the average total KERD value (<ET>)
increasing from 1.35 to 1.75 eV. However, when the photon
energy rises further to 18.38 eV, < ET > remains nearly
constant (Figure 5). This behavior aligns with observations
from Tang et al.’s electron−ion energy correlation studies.16

Further analysis reveals that while < ET > plateaus above 17.28
eV, the total KERD width significantly increases at 18.38 eV, as
shown in Figure 5, indicating greater partitioning of excess
energy into internal energy of fragments. Quantitative analysis
using the CH3

+(11A1′) + F(2P) dissociation limit (D0 = 14.55
eV from the active thermochemical tables (ATcT)50) yields
translation-energy fractions ( f T) of 0.75, 0.64, and 0.48 at
16.36, 17.28, and 18.38 eV, respectively. These values are
substantially lower than 0.88 predicted by the ‘‘impulsive
model’’,51 = =< >f E

ET
T

excess

C F

CH3 F
, where μC−F and CH F3

represent the reduced masses of the C−F and CH3−F pairs,
respectively.

The calculated F-loss potential energy curve (Figure 1)
predicts the formation of planar CH3

+ fragments from CH3F+

decomposition in this energy range. This significant geometry
change from pyramidal CH3 in the parent molecule to planar
CH3

+ moiety necessarily excites the umbrella vibrational mode
(ν2

+) during fragmentation. Using the reported CH3
+ umbrella

vibrational frequency (ν2
+ = 1380 cm−152), we quantified the

vibrational population distributions for CH3
+ produced at

16.36, 17.28, and 18.38 eV, as shown in Figure 5. However, for
the B2E state, internal conversion to the A2A1 state occurs prior
to dissociation (as discussed below). During this process,
intramolecular vibrational energy redistribution takes place,
leading to the excitation of additional vibrational modes. Due
to the lack of a distinct vibrational mode distribution in the
CH3

+ fragment, a detailed discussion of vibrational energy
partitioning is not included here.

The angular distributions of CH3
+, I(θ), were obtained by

accumulating image intensities over specific radial ranges at
each angle in Figure 5. The anisotropy parameter β for C−F
bond rupture was determined through fitting I(θ) to the
standard equation,53 I(θ) = (4π)−1·[1 + β·P2(cosθ)], where θ
represents the angle between the fragment recoil velocity and

Figure 4. (a) TPEPICO velocity map image of CH2F+ fragment at the photon energy of 13.68 eV, where the left panel shows the 2D raw image
and the right depicts the 3D reconstructed image after the inverse Abel transformation; (b) The experimental and fitted total kinetic energy release
distributions at 13.68 eV.
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the VUV photon’s electric vector ε, and P2(cosθ) denotes the
second-order Legendre polynomial. For the decomposition of

CH3F+ in A2A1 and B2E states, the derived β values were −0.55
± 0.02 at 16.36 eV, −0.51 ± 0.02 at 17.28 eV, and −0.38 ±

Figure 5. 3D TPEPICO time-sliced velocity images and corresponding total kinetic energy release distributions of CH3
+ at 16.36 eV (a), 17.28 eV

(b) and 18.38 eV (c).
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0.01 at 18.38 eV, respectively, demonstrating that the bond
cleavage dynamics become progressively slower with increasing
photon energy as evidenced by the decreasing absolute β
values. The negative β values indicate that the C−F bond
rupture occurs perpendicular to the ε vector and completes
within a time scale shorter than molecular rotation. This
finding directly contradicts the positive β values reported by
Tang et al.17 for the same energy range. The reason for this
discrepancy between the two experiments remains unresolved,
and further study is required to elucidate it.
3.6. C−H and C−F Bond Cleavage Mechanisms of CH3F+

As discussed previously, the Maxwell−Boltzmann KERD was
observed for CH2F+ fragments at 13.68 eV (corresponding to
the maximum of the X2E band), providing compelling evidence
for its statistical dissociation mechanism. This finding is in
excellent agreement with the predicted behavior from the
calculated H-loss potential energy curve (Figure 1), confirming
that C−H bond cleavage in CH3F+(X2E) proceeds through a
thermodynamically controlled decomposition pathway. The
quantitative agreement between experimental KERD and
theoretical predictions strongly supports the conclusion that
the C−H bond cleavage process is governed by statistical
energy redistribution prior to bond rupture.

In contrast to the H-loss channel, the C−F bond rupture of
CH3F+ ions exhibits significantly more complex dynamics
when the ionization energy exceeds the appearance energy
AE(CH3

+/CH3F+). For the A2A1 state, the measured KERD of
CH3

+ fragment displays a distinct Gaussian profile, with < ET >
showing a monotonic increase with ionization energy. The
observed β value of approximately −0.5 provides clear
evidence for rapid bond breakage occurring preferentially
perpendicular direction to the ε vector of VUV photons. These
experimental findings unambiguously establish a direct
dissociation mechanism along the C−F coordinate for the
A2A1 state, in great agreement with both its repulsive potential
energy curve and previous experimental conclusions.17,18 The
combined evidence from KERD analysis and angular
distribution measurements conclusively demonstrates the
nonstatistical nature of this dissociation pathway.

Our results reveal significant discrepancies with previous
interpretations of CH3F+(B2E) dissociation dynamics. While
Tang et al. attributed this process to internal conversion to
highly excited X2E states followed by statistical dissociation,18

our RRKM calculations indicate that this pathway produces
CH2F+ fragments at a rate 20-fold higher than that of CH3

+

fragments within the B2E energy range. This result stands in
clear contrast to the experimental observations, which show
only trace amounts of CH2F+ produced in the same energy
range (Figure 3). This compelling evidence necessitates
rejection of the previous mechanism. Instead, our data support
A2A1 as the primary internal conversion target from B2E, with
subsequent direct C−F cleavage. The overall decomposition
mechanism of B2E can be expressed as

+

+ +

+
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The comparable < ET> and β values at 18.38 and 17.28 eV
strongly validate this pathway, where the internal conversion of
B2E → A2A1 acts as the rate-determining step, accounting for
the modest reduction in < ET> and β values through

vibrational energy redistribution during the conversion
process.

4. CONCLUSIONS
In this study, we performed a comprehensive reinvestigation of
the dissociation dynamics of state-selected CH3F+ ions,
reconciling previous contradictions and establishing revised
mechanisms for C−F bond cleavage. The key conclusion is the
definitive assignment of distinct dissociation pathways for the
three low-lying electronic states. The dissociation from the
ground X2E state is unequivocally statistical, leading exclusively
to C−H bond rupture and CH2F+ formation, as confirmed by
the Maxwell−Boltzmann KERD and RRKM theory. For the
excited states, the A2A1 state undergoes direct, fast C−F bond
cleavage along its repulsive potential energy surface, producing
CH3

+ with a Gaussian-type KERD and high kinetic energy
release. Most significantly, the study overturns the established
mechanism for the B2E state. Rather than internally converting
to the X2E state, our combined experimental and theoretical
evidence demonstrates that CH3F+(B2E) preferentially under-
goes internal conversion to the A2A1 state, which subsequently
dissociates directly. This revised mechanism (B2E → A2A1 →
CH3

+ + F) is robustly supported by the minimal yield of
CH2F+ fragments (which would be abundant in the old
mechanism18), the Gaussian-type KERD, and the negative
anisotropy parameters observed for dissociation at B2E
energies, which closely resemble those of the A2A1 state. The
observed discrepancies between our TPEPICO velocity
imaging results and previous studies might arise from the
differences in the contributions from dissociative autoioniza-
tion across these methodologies, although further conclusive
evidence is not yet available. Thus, this study not only clarifies
the complex photodissociation dynamics of CH3F+ but also
highlights the critical importance of state-selective, coinci-
dence-based techniques for unraveling intricate ionic fragmen-
tation mechanisms.
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