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ABSTRACT: Dihalomethanes XCH2Y (X and Y = F, Cl, Br, and
I) are a class of compounds involved in several processes leading to
the release of halogen atoms, ozone consumption, and aerosol
particle formation. Neutral dihalomethanes have been largely
studied, but chemical physics properties and processes involving
their radical ions, like the pathways of their decomposition, have
not been completely investigated. In this work the photo-
dissociation dynamics of the ClCH2I molecule has been explored
in the photon energy range 9−21 eV using both VUV rare gas
discharge lamps and synchrotron radiation. The experiments show
that, among the different fragment ions, CH2I

+ and CH2Cl
+, which

correspond to the Cl- and I-losses, respectively, play a dominant
role. The experimental ionization energy of ClCH2I and the
appearance energies of the CH2I

+ and CH2Cl
+ ions are in agreement with the theoretical results obtained at the MP2/CCSD(T)

level of theory. Computational investigations have been also performed to study the isomerization of geminal [ClCH2I]
•+ into the

iso-chloroiodomethane isomers: [CH2I−Cl]•+ and [CH2Cl−I]•+.

1. INTRODUCTION

Dynamical processes triggered by molecular photofragmenta-
tion are relevant in different fields, spanning from the solar
energy conversion to medical applications.1−6 Halomethanes
are species with a great impact on the chemistry of the Earth’s
atmosphere. They influence the HOx and NOx cycles involved
in catalytic ozone depletion,7,8 participate to the marine and
coastal aerosol formation which affects Earth’s radiation
balance,9 and alter the oxidative capacity of the atmosphere
reacting with OH. Moreover the neutral fragment CH2I,
obtained by photolysis of CH2I2, produces the simplest
“Criegee intermediate”, CH2OO, in the reaction with oxygen
O2 in laboratory studies.10,11 Aerosols could also act as cloud
condensation nuclei (CCN), which further form clouds to
influence the radiation balance of the globe.12 Many efforts
have been devoted to understanding the source of these
species, the dynamics of their photofragmentation processes,
and the role of their decomposition products in the chemistry
of Earth’s atmosphere. However, many aspects, like for
instance the pathways leading to species such as HIO3 and
iodine aerosol formation, are not entirely understood.13 It is
well-known that the study of atmospheric chemistry is mainly
based on neutrals, which are the most abundant species
present in the environment. However, also ion chemistry plays
a role in environmental processes. Indeed, ions produced by
human activity or natural events (i.e., corona discharge,

lightning, high voltage power lines, hot surfaces, and cosmic
rays) quickly react with the surrounding molecules and
produce new ionic and neutral species, in turn involved in
the atmospheric reactivity.14−16 It is also clear that charged
species are involved in aerosol formation and can affect the
Earth’s climate.17 It is therefore fundamental to understand the
link between ion and neutral chemistry. As for the halo-
compounds and halomethanes, dihalomethanes XCH2X or
XCH2Y (where X and Y= I, Br, Cl and F) have been largely
studied,18−24 because for example the daytime destruction of
O3 over coastal areas is mainly due to I atoms,25 while Br and
Cl atoms are mainly involved in the reaction with VOCs.26

The iodine-containing dihalomethanes are mainly emitted by
oceans27 and consist of volatile organic iodine compounds
(VOICs): CH2I2, ClCH2I and BrCH2I, CH3I with lifetimes in
the range from minutes (CH2I2) to days (CH3I). Bromine and
chlorine halomethanes have a longer lifetime and, hence, are
more equally distributed in the atmosphere and may play a
significant role in the higher atmosphere.
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In this work we focused on the VUV photofragmentation of
chloroiodomethane, ClCH2I, a VOIC present in the environ-
ment due to marine microalgae28 and volcanic activity.29 Its
photochemistry is a source of iodine atoms which are further
involved in several chemical physics processes.30,31 It has been
reported that condensed-phase photolysis of XCH2Y geminal
species induces a halogen shift leading to iso-halomethane
isomers where a halogen−halogen bond is formed (CH2X-
Y).32,33 Reid et al.34,35 demonstrated that this isomerization in
the gas phase is a pathway to molecular products (XY)
comparable to the simple C-halo bond fission. Other works
demonstrate that iso-dihalomethanes are reactive photo-
intermediates in solution leading to the cyclopropanation of
alkenes.36−38 The neutral ClCH2I molecule has been
extensively studied,39−43 but to the best of our knowledge,
less information exists for the radical ion. In particular, the
photofragmentation of ClCH2I has been investigated in the
energy range 10−13 eV with the threshold photoelectron
photoion coincidence (TPEPICO) technique.44 Here, we
explore the interaction of VUV radiation with an effusive beam
of ClCH2I in the photon energy range 9−21 eV. The
photofragmentation mass spectra at the different photon
energies of a rare gas discharge lamp have been acquired and
the appearance energy (AEexp) of selected fragments has been
measured with tunable synchrotron radiation and compared
with theoretical ones (AEth). The formation of iso-dihalo-
methanes [CH2I−Cl]•+ and [CH2Cl−I]•+ has been also
explored by ab initio calculations, and a comparison with
[CH2I−I]•+ has been carried out.19 The main channels
considered in the experiments are reported in Scheme 1.

2. EXPERIMENTAL METHODS
2.1. VUV Rare Gas Discharge Lamp Experiments. The

discharge lamp was operated with a gas pressure in the
discharge chamber that varies from 10−1 to 10−3 mbar,
depending on the rare gas, and a driving current of 5 mA. The
main lines,45 in the three used gases, are at 21.22 eV (He I),
16.67 eV (Ne I), and 11.62 eV (Ar I). The output radiation is
not monochromatized; hence, an unknown contribution of
wavelengths different from the main lines listed above cannot
be excluded.46 The effusive beam of the target molecule
ClCH2I is brought to the interaction region via a gas inlet, and
the base pressure in the experimental chamber is about 3 ×
10−8 mbar. The ions produced by the interaction of the photon
beam with the target molecules are extracted from the
interaction region by a 700 V/cm DC electric field and
accelerated into a Wiley−McLaren time-of-flight (TOF)47

analyzer. The flight time measurement for mass/charge
analysis is triggered by the detection of a kinetic energy
unresolved photoelectron via a channeltron electron multiplier
mounted opposite to the TOF spectrometer. The scheme of

the setup and other technical details are reported in previous
works18 and will be not repeated here. The intensities of the
parent ion, [ClCH2I]

•+, and of the main fragments, I+, CH2I
+,

and CH2Cl
+, have been calculated as the integrated yield over

each peak in the mass spectrum. The intensities of these
fragments have then been used to calculate the respective
branching ratio as a function of photon energy.

2.2. Synchrotron Experiments. The measurements of the
AEexp of the ionic fragments obtained from the photo-
fragmentation of ClCH2I were carried out at the “Circular
Polarization” (CiPo) beamline48 of the Elettra synchrotron
radiation source (Trieste, Italy), which is fed by an
Electromagnetic Elliptical Wiggler. The VUV radiation was
monochromatized by an aluminum normal incidence mono-
chromator (Al-NIM) that covers the photon energy range 5−
17 eV with a resolving power of about 1000. The experimental
apparatus is described in detail elsewhere,49,50 and only a brief
description will be reported here. It consists of an ionization
region where the target molecules are admitted through a
needle valve which regulates the gas flow of the effusive beam.
Ion optics extract and focus the photoions into a commercial
quadrupole mass spectrometer equipped with a channeltron
detector. The photoionization efficiency curves (PIECs) of the
selected ions are obtained by reporting the yield of the selected
ions versus photon energy (9−16 eV), scanning both the
wiggler and the monochromator in order to have the maximum
flux at each given energy. The energy step and the acquisition
time were 20 meV and 10−20 s/point, respectively. The
PIECs were normalized to the photon intensity, measured by a
photodiode located after the interaction region. A lithium
fluoride filter was used below 11.7 eV to remove the higher
order radiation contribution; above this energy the higher
order radiation contribution was evaluated by comparing the
Ar+ ion yield measured as a function of the photon energy to
its ionization cross-section.51 The photon energy was
calibrated against the autoionization features observed in the
Ar+ photoionization efficiency spectrum between the 3p spin−
orbit components. The AEexp values are determined by fitting
the PIECs, plotted on a linear scale, by two straight lines
representing the background and the ion signal in the
threshold region, respectively. The photon energy at the
intersection of these two lines is the experimental determi-
nation of the AEexp. For each detected ion, the fitting
procedure has been repeated considering increasing ranges in
the threshold region as long as a reproducible AEexp value
could be determined.49 The average of all these results gives
the AEexp and its uncertainty, estimated to be in the range 10−
190 meV, depending on the shape of the PIEC onset. It is
important to remember that the experimental value of the
AEexp also depend on the sensitivity of the experimental setup
(time of acquisition, number of counts, statistics, efficiency and
lifetime of the ions), so that they have to be considered as
upper limits of the effective AEexp. For sake of comparison, a
mass spectrum has been also measured at the photon energy of
11.5 eV, and the relative intensity of the peaks have been
obtained with the same procedure used for the spectra
acquired with the gas discharge lamp setup.
Liquid ClCH2I was purchased from Sigma-Aldrich with

purity higher than 97%. The vapor pressure of the compound
allows to keep the sample in a test tube outside the chamber.
Several freeze−pump−thaw cycles were performed on the
sample.

Scheme 1. Main Fragmentation Channels from [ClCH2I]
•+
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3. THEORETICAL METHODS

The geometries of interest have been optimized at the MP2
level using 6-311++G** basis set for the C, Cl, and H atoms.
The small-core (28 electrons) scalar-relativistic effective
potential (ECP-28) in conjunction with the aug-cc-pVTZ-PP
basis set has been chosen for the iodine atom.52,53 MP2 was
employed within the frozen-core approximation by using the
4s4p4d frozen-core orbitals for the iodine atom. Accurate total
energies were obtained by single-point coupled cluster
calculations, CCSD(T)54 using the same basis sets and
pesudopotential for the MP2 calculations. CCSD(T) have
been performed in full mode (Table S1 in the SI). All critical
points were characterized as energy minima or transition
structures (TS) by calculating the corresponding MP2
harmonic frequencies, also used to evaluate the zero-point
energy correction. The TS were unambiguously related to their
interconnected energy minima by intrinsic reaction coor-
dinates (IRC) calculations.55,56 Small spin contamination was
revealed, at the MP2 level of theory, in radicals and radical
cations as indicated by the ⟨S2⟩ operator close to the
theoretical value for the pure doublet spin state (0.75) or
triplet state (2). The CCSD T1 diagnostic is within the
recommended threshold of 0.02.57 This suggests that the wave
functions of these species are correctly described by a single-
reference method. The dissociation energy of the species 2b
[CH2I···Cl]

•+ (Table S1), considered as a complex, was
corrected for the basis set superposition error (BSSE) using
the counterpoise method by Boys and Bernardi.58 The
Mulliken analysis59 was used to compute the charge population
in order to explore, in a qualitative way, the charge distribution.
The validation of the calculations performed on the cationic
ground state and without considering spin−orbit coupling60
have been discussed in our previous work on the photo-
fragmentation of [CH2I2]

•+,19 where, for instance, a good
agreement between experimental value of the appearance
energy of CH2I

+ (ΔE298 = 10.42−10.55 eV NIST database61)
and the theoretical one (10.51 eV) has been obtained.
Neglecting spin−orbit coupling might be considered an
approximation in processes involving iodine atom, however
the agreement achieved between experimental and theoretical
appearance energy of the ion I+ from [CH2I2]

•+,20 the results
of this work and previous studies on [ClCH2I]

•+44 confirm
that, in some photofragmentation processes involving iodine
atom, spin−orbit effects can be neglected. The vertical
ionization energies (IE) of the outer valence orbitals were
also calculated using the outer valence Green function OVGF/
6-311++G** methods.62,63 All calculations were performed
using Gaussian 09.64 The adiabatic AEth at 298 K has been
calculated from well-established procedures.49,65,66 It is worth
underlying that the theoretical values of appearance energy
may be lower than their corresponding experimental values as
the calculations could not consider transition states (TS,
reverse activation barrier), kinetic shifts, unfavorable Franck−
Condon factors, or possible excited states which may affect the
fragmentation processes.

4. RESULTS AND DISCUSSION

The mass spectra recorded with the VUV rare gas discharge
lamps at 11.62 (Ar), 16.67 (Ne), and 21.22 eV (He) are shown
in Figure 1. All species containing the Cl atom are
characterized by a doublet peaks due to the two Cl isotopes.
The data indicate that the main features in the mass spectra are

the parent ion [ClCH2I]
•+ (m/z = 176 and 178), the CH2I

+

(m/z = 141), CH2Cl
+ (m/z = 49 and 51), and I+ (m/z = 127)

ions produced in fragmentations (1) to (3) of Scheme 1. The
tiny feature observed at m/z = 162 and 164 (panel b of Figure
1) is attributed to the ICl+ ions (path 4 of Scheme 1).
Traces of CH2

+, CCl+, CI+, CHCl+, and CHI+ species are
also detected in the mass spectrum measured with He lamp. A
small peak at m/z = 18 is observed with Ne and He lamps
(Figure 1) due to the presence of water trace in the ion source.
At the lowest photon energies of 11.62 eV only the fragment at
m/z = 49 and 51 (CH2Cl

+) is observed. In Table 1 the

fragments branching ratios are reported together with those
obtained with synchrotron radiation at 11.5 eV. These data
show that, while the relative intensity in percentage of the
CH2Cl

+ ions remains almost constant for increasing photon
energy, the relative contribution of the parent ion [ClCH2I]

•+

and of the others fragments respectively decreases and
increase. This clearly indicates how the generation of these
fragments can be directly connected to the parent ion
fragmentation. Moreover, the mass spectra show that the
CH2Cl

+ (m/z = 49 and 51) has an AEexp lower than 11.62 eV,
while all of the other ions have an AEexp higher than 11.62 eV
or around this value since a trace of the CH2I

+ (m/z = 141) is
already observed at 11.62 eV photon energy (panel a of Figure
1).
The PIECs of the [ClCH2I]

•+ (m/z = 176), ICl+ (m/z =
162), I+ (m/z = 127), CH2I

+ (m/z = 141), and CH2Cl
+ (m/z

Figure 1. Mass spectra of ClCH2I (shown in offset mode) obtained
with the He (green line), Ne (black line) and Ar (blue line) rare gas
discharge lamps and their respective most intense photoemission line
indicated in brackets. In the insets an enlarged view of m/z range
133−185 (a) and 158−183 (b) acquired with Ar (a), and Ne and He
(b) lamps are shown. For CHnCl

+ and CHnI
+, n = 2 to 0.

Table 1. Branching Ratios (Relative Intensities in
Percentage, %) among CH2Cl

+, I+, CH2I
+, and [ClCH2I]

•+

from Fragmentation of the ClCH2I Molecule with Ar, Ne,
and He Ionization Source and with Synchrotron Radiation
at hν 11.5 eV

Ar
(11.62 eV)

Ne
(16.67 eV)

He
(21.22 eV)

synchrotron
11.5 eV

CH2Cl
+ 48 ± 2 46 ± 2 48 ± 2 51 ± 2

I+ 4 ± 2 8 ± 2
CH2I

+ 7 ± 2 14 ± 2
[ClCH2I]

•+ 52 ± 2 43 ± 2 30 ± 2 49 ± 2
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= 49) ions are shown in Figure 2, where the AEexp values are
indicated by an arrow. An example of the linear fit used to
extract the AEexp is shown in the case of the ICl+ ion. The
experimental and theoretical values of the appearance energy
from this work are reported in Table 2 where they are also
compared with literature data.

The PIECs of CCl+ (m/z = 47) and CI+ (m/z = 139) ions
has been also recorded and reported in Figure S1 of the SI.
The [ClCH2I]

•+ ion is generated in its ionic ground state by
the ejection of an electron from the iodine nonbonding
orbitals.67 The measured AEexp of 9.71 ± 0.01 eV (Table 2 and
Figure 2) is consistent with the previous values of 9.752 ±
0.012 and 9.7506 ± 0.0006 eV obtained by TPEPICO and
mass-analyzed threshold ionization (MATI) experiments,
respectively.44,68

The optimized geometries of the stationary points (minima
and TS) of the ClCH2I and [ClCH2I]

•+ potential energy
surface (PES) are shown in Figures 3 and 5.

The geometrical parameters of the species ClCH2I (N) and
[ClCH2I]

•+ (1) in their ground states are also reported in
Tables 3 and 4, respectively, and compared with DFT
calculations (with and without spin−orbit effect)69 and
experimental data.70

As reported in ref 69 the spin−orbit effect has a relevant
influence mainly in the Cl−C−I bending frequency of the
cation (see also Table S2 in SI) whose experimental value is
114 cm−1, while DFT and MP2 theories predict 160 and 147
cm−1, respectively (Table 4). These differences in the
frequency reflect in the differences of the Cl−C−I bond-
angle, with values of 93.5° (MP2) and 96.1° (DFT) with
spin−orbit effect neglected and 106.0° when it is considered.
However, as discussed in the theoretical methods, this
difference does not affect substantially the calculation of
several properties as, for instance, the adiabatic ionization
energy of ClCH2I at 9.70 eV, which matches the experimental
value of 9.71 ± 0.01 eV (see Table 2). Focusing on the Cl-loss
channel (path (1) in Scheme 1), the AEexp = 11.66 ± 0.03 eV
(Figure 2) is in agreement with the calculated value of 11.46
eV and with previous data (Tables S1 and 2). No transition
state has been found for the direct C−Cl bond breaking at
variance with the same channel in the neutral ClCH2I, where a
TS has been identified.43 As for the previous study of the I-loss
channel from [ICH2I]

•+ ions,19 the possibility of the
isomerization of the geminal [ClCH2I]

•+ into iso-dihalo-
methanes [CH2I−Cl]•+ and [CH2Cl−I]•+ before dissociation,
has been explored by ab initio calculations. The optimized
geometries of the minima (1, 2a, and 2b) found on the
[ClCH2I]

•+ PES, the transition states TS1 and TS2 connecting
1-2a and 2a-2b, respectively, and the optimized structure of
the CH2I

+ ion are shown in Figure 3. The energy profile
calculated for the Cl-loss channel of [ClCH2I]

•+ leading to
CH2I

+ and Cl is shown in Figure 4.

Figure 2. PIECs of the five selected ions [ClCH2I]
•+ (m/z = 176), ICl+ (m/z = 162), I+ (m/z = 127), CH2I

+ (m/z = 141), and CH2Cl
+ (m/z= 49).

The fitted AEexp values are indicated by arrows and reported in Table 2.

Table 2. AEexp and Adiabatic AEth for the Main Fragment
Ions from ClCH2I at 298 K

ClCH2I

ions (m/z) AEexp (eV) AEexp
a (eV) AEth (eV)

[ClCH2I]
•+ (176) 9.71 ± 0.01 9.752 ± 0.012 9.70

CH2Cl
+ (49) + I 10.79 ± 0.01 10.878 ± 0.010 10.87

CH2I
+ (141) + Cl 11.66 ± 0.03 11.656 ± 0.030 11.46

I+ (127) + CH2Cl 13.15 ± 0.19 12.83
ICl+ (162) + CH2 15.01 ± 0.02 14.01
CI+ (139) 15.63 ± 0.01
CCl+ (47) 14.88 ± 0.01

aReference 44.
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Two energetically competitive pathways that lead to the Cl
and CH2I

+ with the same AEth (CH2I
+) of 11.46 eV have been

identified. The first route (on the left side of Figure 4) is the
direct C−Cl bond breaking with a dissociation energy of 1.73
eV, while the second route (on the right side of Figure 4) is the
isomerization of the geminal [ClCH2I]

•+ radical cation 1 into
the iso-isomer [CH2I−Cl]•+ 2a through TS1 (imaginary
frequency 576.6 i cm−1) at 1.69 eV (Figure 4). In isomer 2a a
halogen−halogen bond, I−Cl, is established, the charge is
mainly located on the iodine atom (+0.714 e) and its energy is
1.15 eV higher than that of geminal cation 1. A similar energy
difference was found in diiodomethane, between the geminal
[ICH2I]

•+ and iso [CH2I−I]•+ radical cation isomers (0.97
eV).19 A transition state TS2 (imaginary frequency 147.5 i
cm−1) at 1.71 eV separates isomer 2a by the other iso-isomer
2b (Figure 4). The isomer 2b can be considered a complex
between CH2I

+ and Cl with a distance of 3.28 Å between I and
Cl atoms (Figure 3). Species 2b, at 0.47 eV higher energy than
isomer 2a, can easily evolve into the final products Cl and

CH2I
+ with a threshold energy of only 0.11 eV. The picture

obtained here for the Cl-loss channel is very similar to that
found for the isomerization of geminal [ICH2I]

•+ into iso-
[CH2I−I]•+ radical ions and highlights the importance of
halogen−halogen bond and iso-isomers, already studied both
experimentally and theoretically in the case of neutral ICH2I
and CICH2I species.

37,72,73 The I-loss channel has been also
theoretically investigated to compare it with the Cl-loss
channel. In Figure 5 the optimized geometries of the species
found on the [ClCH2I]

•+ PES are shown, while the energy
profile obtained for the isomerization mechanism of
[ClCH2I]

•+ into [CH2Cl−I]•+ is reported in Figure 6. In
this case the direct C−I bond fission (on the left side of Figure
6) is the route energetically favored with respect to
isomerization (right side of Figure 6) requiring an energy
surplus of 0.76 eV to reach the TS1b (imaginary frequency
955.7 i cm−1 at 1.89 eV) and to produce the iso-isomer
[CH2Cl−I]•+ 3. Isomer 3 is 1.36 eV above isomer 1.
Moreover, isomer 3 easily dissociates into CH2Cl

+ + I through

Figure 3. Optimized geometries (distances in Å and angles in degrees) calculated at the MP2 level and the Mulliken atomic charge, e (in brackets)
on the I and Cl atoms of the species involved in the Cl-loss channel from [ClCH2I]

•+ (see also Table S1).

Table 3. Geometric Parameters of ClCH2I in the Electronic Ground State

bond length (Å) bond angles (deg)

methods C−Cl C−I C−H Cl−C−I Cl−C−H I−C−H H−C−H

experimentsa 1.774 2.137 1.062 112.5 108.4 108.3 111.0
this work MP2 (see theoretical methods) 1.763 2.143 1.087 112.8 109.4 106.6 112.2
DFT/B3LYPb (without spin−orbit effect) 1.778 2.181 1.081 114.4 108.6 106.6 112.1
(with spin−orbit effect) 1.777 2.187 1.081 114.4 108.7 106.6 112.0

aReference 70. bReference 69.

Table 4. Geometric Parameters of [ClCH2I]
•+ in the Ionic Electronic Ground Statea

bond length (Å) bond angles (deg)

methods C−Cl C−I C−H Cl−C−I Cl−C−H I−C−H H−C−H
this work MP2 (see theoretical methods) 1.760 2.139 1.087 93.5 (147 cm−1) 112.3 109.9 116.5
DFT-B3LYP (without spin−orbit effect)b 1.767 2.187 1.082 96.1 (160 cm−1) 111.9 109.6 115.8
(with spin−orbit effect)b 1.738 2.242 1.084 106.0 (112 cm−1) 112.7 104.9 114.5

aIn brackets the calculated vibrational frequency of the Cl−C−I bending mode is reported. The experimental value71 is 114 cm−1. bReference 69.
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the transition state TS2b (imaginary frequency 378.6 i cm−1 at
1.37 eV) very close in energy to isomer 3 (Figure 6).
These findings clearly demonstrate that the isomerization of

1 to 3 is an unfavorable process with respect to the
isomerization of 1 to 2a. Therefore, likely only the iso-
[CH2I−Cl]•+ radical cation is formed during the photo-
fragmentation process. This is confirmed by the good
agreement between AEexp(CH2Cl

+) = 10.79 ± 0.01 eV and
AEth(CH2Cl

+) = 10.87 eV obtained by the direct C−I bond
dissociation (Tables S1 and 2). The good agreement between
these two values makes the isomerization process unlikely
because in such a case the AEth (CH2Cl

+) would be
significantly larger, i.e., 11.59 eV (Table S1). In any case, if
the energy of the system should allow overcoming the barrier
to TS1b to form isomer 3, it rapidly fragments into CH2Cl

+

and I trough TS2b due to the very low energy barrier (Figure

6). It is to be noted that the PIEC of the ion CH2Cl
+ (m/z 49)

in Figure 2 shows a change in the slope at about 11.2 eV. This
is very close to the predicted ionization energy (11.237 eV) of
the HOMO−2 orbital by the OVGF calculations. This orbital
is an iodine lone pair type mixed with C−I bonding
contributions and probably its removal opens a new channel
for the CH2Cl

+ formation.
In the case of I+ and ICl+ ions the AEexp are 13.15 ± 0.19

and 15.01 ± 0.02 eV, respectively. These values are in quite
disagreement with the adiabatic theoretical values of 12.83 eV
(I+) and mostly of 14.01 eV (ICl+; Table 2) calculated in a
barrierless fragmentation. The same procedure and level of ab
initio calculations applied to [ICH2I]

•+20 predicts appearance
energies of I2

+ and I+ in perfect agreement with the
experiments (see Table S3 in the SI). These findings are
quite intriguing and currently not completely clear. Further
experiments and calculations, considering eventually spin−
orbit effects, energy barriers, and excited states have to be
undertaken to further investigate these observations.

5. CONCLUSIONS
In this work the dynamics of the Cl and I-loss channels from
the geminal [ClCH2I]

•+ radical cation has been explored. Four
species were found on the potential energy surface of
[ClCH2I]

•+: 1, 2a, 2b, and 3. The most stable species is the
geminal isomer [ClCH2I]

•+ 1 which can easily isomerize into
the iso-isomer [CH2I−Cl]•+ 2a, at 1.15 eV higher energy and
with the I−Cl halogen−halogen bond of 2.30 Å. This species
can evolve into the higher energy isomer [CH2I···Cl]

•+ 2b, a
complex between CH2I

+ and Cl with an I−Cl bond length of
3.28 Å. Isomer [CH2Cl−I]•+ 3 has been also found on the
PES, but this species seems to be kinetically unstable and
quickly dissociates into CH2Cl

+ + I. The measured appearance
energies of the Cl- and I-loss channels, AEexp (CH2I

+) = 11.66
± 0.03 eV and AEexp (CH2Cl

+) = 10.79 ± 0.01 eV, are in
agreement with both present theoretical calculations (AEth
11.46 and 10.87 eV, respectively) and previous experimental
results (Table 2).44 These results validate our computational
approach for these fragmentation channels. The fragmentation
of [ClCH2I]

•+ into I+ and ICl+ requires further work since the

Figure 4. Potential energy profile calculated at the CCSD(T,full)//
MP2 level of the theory for the dissociation of [ClCH2I]

•+ radical
cation (1) into CH2I

+ + Cl. On the left (in red) the direct C−Cl bond
fission and on the right (in blue) the dissociation through
isomerization into [CH2I−Cl]•+ (2a). In brackets are reported the
energies of the species relative to [ClCH2I]

•+.

Figure 5. Optimized geometries (distances in Å and angles in
degrees) calculated at the MP2 level of the theory and the Mulliken
atomic charge, e (in brackets) on the I and Cl atoms of the species
involved in the I-loss channel from [ClCH2I]

•+ (see also Table S1).

Figure 6. Potential energy profile calculated at the CCSD(T,full)//
MP2 level of the theory for the dissociation of [ClCH2I]

•+ radical
cation (1) into CH2Cl

+ + I. On the left (in red) the direct C−I bond
fission and on the right (in blue) the dissociation through
isomerization into [CH2Cl−I]•+ (3). In brackets are reported the
energies of the species relative to [ICH2Cl]

•+.
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experimental data and theoretical prediction are not in
agreement as well as the processes leading to CCl+ and CI+,
whose AEexp have been measured but not yet calculated.
Further experiments and calculations, considering eventually
spin−orbit effects, energy barriers and excited states, will be
undertaken to further investigate these processes.
The observation that geminal halomethanes radical cation

can isomerize into iso-dihalomethanes can be of interest
because this process may be a driving force in the aerosol
formation due to the possibility of these species to form
clusters via halogen−halogen bond. This work predicts that the
isomerization of the geminal [ClCH2I]

•+ into iso-chloroiodo-
methane radical cation may occur. Now the process has to be
proved experimentally.
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Carpenter, L. J.; Platt, U.; Hoffmann, T. In Situ Measurements of
Molecular Iodine in the Marine Boundary Layer: the Link to
Macroalgae and the Implications for O3, IO, OIO and NOx. Atmos.
Chem. Phys. 2010, 10, 4823−4833.
(32) Maier, G.; Reisenauer, H. P.; Hu, J.; Schaad, L. J.; Hess, B. A.
Photochemical Isomerization of Dihalomethanes in Argon Matrixes. J.
Am. Chem. Soc. 1990, 112, 5117−5122.
(33) Maier, G.; Reisenauer, H. P. Photoisomerization of Dihalo-
methanes. Angew. Chem., Int. Ed. Engl. 1986, 25, 819.

(34) Kalume, A.; George, L.; Reid, S. A. Isomerization as a Key Path
to Molecular Products in the Gas-Phase Decomposition of Halons. J.
Phys. Chem. Lett. 2010, 1, 3090−3095.
(35) Reid, S. A. When Isomerisation is Electron Transfer: the
Intriguing Story of the Iso-Halocarbons. Int. Rev. Phys. Chem. 2014,
33, 341−370.
(36) Blomstrom, D. C.; Herbig, K.; Simmons, H. E. Photolysis of
Methylene Iodide in the Presence of Olefins. J. Org. Chem. 1965, 30,
959−964.
(37) Phillips, D. L.; Fang, W.-H.; Zheng, X. Isodiiodomethane Is the
Methylene Transfer Agent in Cyclopropanation Reactions with
Olefins Using Ultraviolet Photolysis of Diiodomethane in Solutions:
A Density Functional Theory Investigation of the Reactions of
Isodiiodomethane, Iodomethyl Radical, and Iodomethyl Cation with
Ethylene. J. Am. Chem. Soc. 2001, 123, 4197−4203.
(38) Tarnovsky, A. N.; Sundström, V.; Åkesson, E.; Pascher, T.
Photochemistry of Diiodomethane in Solution Studied by Femto-
second and Nanosecond Laser Photolysis. Formation and Dark
Reactions of the CH2I-I Isomer Photoproduct and Its Role in
Cyclopropanation of Olefins. J. Phys. Chem. A 2004, 108, 237−249.
(39) Andrews, S. J.; Jones, C. E.; Carpenter, L. J. Aircraft
Measurements of very Short-Lived Halocarbons over the Tropical
Atlantic Ocean Geophys. Res. Lett. 2013, 40, 1005−1010.
(40) Kambanis, K. G.; Argyris, D. Y.; Lazarou, Y. G.;
Papagiannakopoulos, P. Absolute Reaction Rate of Chlorine Atoms
with Chloroiodomethane. J. Phys. Chem. A 1999, 103, 3210−3215.
(41) Dav́alos, J. Z.; Notario, R.; Cuevas, C. A.; Oliva, J. M.; Saiz-
Lopez, A. Thermochemistry of Halogen-containing Organic Com-
pounds with Influence on Atmospheric Chemistry. Comput. Theor.
Chem. 2017, 1099, 36−44.
(42) Varner, R. K.; Zhou, Y.; Russo, R. S.; Wingenter, O. W.; Atlas,
E.; Stroud, C.; Mao, H.; Talbot, R.; Sive, B. C. Controls on
Atmospheric Chloroiodomethane (CH2ClI) in Marin Environments.
J. Geophys. Res. 2008, 113, D10303.
(43) Yang, G.; Meng, Q.; Zhang, X.; Han, K. Theoretical Study on
the Formation Mechanism of iso-CH2I-Cl. Int. J. Quantum Chem.
2004, 97, 719−724.
(44) Lago, A. F.; Kercher, J. P.; Bodi, A.; Sztaray, B.; Miller, B.;
Wurzelmann, D.; Baer, T. Dissociative Photoionization and
Thermochemistry of Dihalomethane Compounds Studied by Thresh-
old Photoelectron Photoion Coincidence Spectroscopy. J. Phys. Chem.
A 2005, 109, 1802−1809.
(45) Eland, J. H. D. Photoelectron Spectroscopy; Butterworths:
London, 1984.
(46) Schönhense, G.; Heinzmann, U. A Capillary Discharge Tube
for the Production of Intense VUV Resonance Radiation. J. Phys. E:
Sci. Instrum. 1983, 16, 74.
(47) Wiley, W. C.; McLaren, I. H. Time-of-Flight Mass
Spectrometer with Improved Resolution. Rev. Sci. Instrum. 1955, 26,
1150.
(48) Derossi, A.; Lama, F.; Piacentini, M.; Prosperi, T.; Zema, N.
High flux and High Resolution Beamline for Elliptically Polarized
Radiation in the Vacuum Ultraviolet and Soft X-ray Regions. Rev. Sci.
Instrum. 1995, 66, 1718.
(49) Castrovilli, M. C.; Bolognesi, P.; Cartoni, A.; Catone, D.;
O’Keeffe, P.; Casavola, A. R.; Turchini, S.; Zema, N.; Avaldi, L.
Photofragmentation of Halogenated Pyrimidine Molecules in the
VUV Range. J. Am. Soc. Mass Spectrom. 2014, 25, 351−367.
(50) Cartoni, A.; Casavola, A. R.; Bolognesi, P.; Castrovilli, M. C.;
Catone, D.; Chiarinelli, J.; Richter, R.; Avaldi, L. Insights into 2- and
4(5)-Nitroimidazole Decomposition into Relevant Ions and Mole-
cules Induced by VUV Ionization. J. Phys. Chem. A 2018, 122, 4031−
4041.
(51) Marr, G. V.; West, J. B. Absolute Photoionization Cross-Section
Tables for Helium, Neon, Argon, and Krypton in the VUV Spectral
Regions At. At. Data Nucl. Data Tables 1976, 18, 497−508.
(52) Peterson, K. A.; Shepler, B. C.; Figgen, D.; Stoll, H. On the
Spectroscopic and Thermochemical Properties of ClO, BrO, IO, and
their Anions. J. Phys. Chem. A 2006, 110, 13877−13883.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c05754
J. Phys. Chem. A 2020, 124, 7491−7499

7498

https://dx.doi.org/10.3389/fchem.2019.00140
https://dx.doi.org/10.3389/fchem.2019.00140
https://dx.doi.org/10.3389/fchem.2019.00140
https://dx.doi.org/10.1002/cphc.202000194
https://dx.doi.org/10.1002/cphc.202000194
https://dx.doi.org/10.1002/cphc.202000194
https://dx.doi.org/10.1016/j.jastp.2005.01.007
https://dx.doi.org/10.1016/j.jastp.2005.01.007
https://dx.doi.org/10.1063/1.4874114
https://dx.doi.org/10.1063/1.4874114
https://dx.doi.org/10.1063/1.4874114
https://dx.doi.org/10.1021/jp511067d
https://dx.doi.org/10.1021/jp511067d
https://dx.doi.org/10.1063/1.4937425
https://dx.doi.org/10.1063/1.4937425
https://dx.doi.org/10.1021/jp307941k
https://dx.doi.org/10.1021/jp307941k
https://dx.doi.org/10.1021/jp307941k
https://dx.doi.org/10.1063/1.5132967
https://dx.doi.org/10.1063/1.5132967
https://dx.doi.org/10.1063/1.5132967
https://dx.doi.org/10.1063/1.5053846
https://dx.doi.org/10.1063/1.5053846
https://dx.doi.org/10.1063/1.5053846
https://dx.doi.org/10.1021/acs.jpca.9b06564
https://dx.doi.org/10.1021/acs.jpca.9b06564
https://dx.doi.org/10.1021/acs.jpca.9b06564
https://dx.doi.org/10.1016/j.atmosenv.2016.09.019
https://dx.doi.org/10.5194/acp-16-12239-2016
https://dx.doi.org/10.5194/acp-16-12239-2016
https://dx.doi.org/10.1021/cr200029u
https://dx.doi.org/10.4319/lo.2008.53.2.0867
https://dx.doi.org/10.4319/lo.2008.53.2.0867
https://dx.doi.org/10.1021/es990838q
https://dx.doi.org/10.1038/nature00775
https://dx.doi.org/10.1038/nature00775
https://dx.doi.org/10.5194/acp-10-4823-2010
https://dx.doi.org/10.5194/acp-10-4823-2010
https://dx.doi.org/10.5194/acp-10-4823-2010
https://dx.doi.org/10.1021/ja00169a020
https://dx.doi.org/10.1002/anie.198608191
https://dx.doi.org/10.1002/anie.198608191
https://dx.doi.org/10.1021/jz101250s
https://dx.doi.org/10.1021/jz101250s
https://dx.doi.org/10.1080/0144235X.2014.942548
https://dx.doi.org/10.1080/0144235X.2014.942548
https://dx.doi.org/10.1021/jo01015a001
https://dx.doi.org/10.1021/jo01015a001
https://dx.doi.org/10.1021/ja003090g
https://dx.doi.org/10.1021/ja003090g
https://dx.doi.org/10.1021/ja003090g
https://dx.doi.org/10.1021/ja003090g
https://dx.doi.org/10.1021/ja003090g
https://dx.doi.org/10.1021/ja003090g
https://dx.doi.org/10.1021/jp035406n
https://dx.doi.org/10.1021/jp035406n
https://dx.doi.org/10.1021/jp035406n
https://dx.doi.org/10.1021/jp035406n
https://dx.doi.org/10.1002/grl.50141
https://dx.doi.org/10.1002/grl.50141
https://dx.doi.org/10.1002/grl.50141
https://dx.doi.org/10.1021/jp984193c
https://dx.doi.org/10.1021/jp984193c
https://dx.doi.org/10.1016/j.comptc.2016.11.009
https://dx.doi.org/10.1016/j.comptc.2016.11.009
https://dx.doi.org/10.1029/2007JD008889
https://dx.doi.org/10.1029/2007JD008889
https://dx.doi.org/10.1002/qua.10767
https://dx.doi.org/10.1002/qua.10767
https://dx.doi.org/10.1021/jp045337s
https://dx.doi.org/10.1021/jp045337s
https://dx.doi.org/10.1021/jp045337s
https://dx.doi.org/10.1088/0022-3735/16/1/015
https://dx.doi.org/10.1088/0022-3735/16/1/015
https://dx.doi.org/10.1063/1.1715212
https://dx.doi.org/10.1063/1.1715212
https://dx.doi.org/10.1063/1.1145828
https://dx.doi.org/10.1063/1.1145828
https://dx.doi.org/10.1007/s13361-013-0783-x
https://dx.doi.org/10.1007/s13361-013-0783-x
https://dx.doi.org/10.1021/acs.jpca.8b01144
https://dx.doi.org/10.1021/acs.jpca.8b01144
https://dx.doi.org/10.1021/acs.jpca.8b01144
https://dx.doi.org/10.1016/0092-640X(76)90015-2
https://dx.doi.org/10.1016/0092-640X(76)90015-2
https://dx.doi.org/10.1016/0092-640X(76)90015-2
https://dx.doi.org/10.1021/jp065887l
https://dx.doi.org/10.1021/jp065887l
https://dx.doi.org/10.1021/jp065887l
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c05754?ref=pdf


(53) ECP Database http://www.tc.uni-koeln.de/PP/clickpse.en.
html accessed May 2020.
(54) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
A Fifth-order Perturbation Comparison of Electron Correlation
Theories. Chem. Phys. Lett. 1989, 157, 479−483.
(55) Gonzalez, C.; Schlegel, H. B. An Improved Algorithm for
Reaction Path Following. J. Chem. Phys. 1989, 90, 2154−2161.
(56) Gonzalez, C.; Schlegel, H. B. Reaction Path Following in Mass-
Weighted Internal Coordinates. J. Phys. Chem. 1990, 94, 5523−5527.
(57) Lee, T. J.; Taylor, P. R. A Diagnostic for Determining the
Quality of Single-Reference Electron Correlation Methods. Int. J.
Quantum Chem. 1989, 36, 199−207.
(58) Boys, S.; Bernardi, F. The Calculation of Small Molecular
Interactions by the Differences of Separate Total Energies. Some
Procedures with Reduced Errors. Mol. Phys. 1970, 19, 553−566.
(59) Mulliken, R. S. Electronic Population Analysis on LCAO-MO
Molecular Wave Functions.I. J. Chem. Phys. 1955, 23, 1833−1840.
(60) Siebert, M. R.; Aquino, A. J. A.; de Jong, W. A.; Granucci, G.;
Hase, W. L. Potential Energy Surface for Dissociation Including spin-
orbit Effects. Mol. Phys. 2012, 110, 2599−2609.
(61) NIST Chemistry WebBook; Linstrom, P. J., Mallard, W. G., Eds.;
NIST Standard Reference Database number 69; National Institute of
Standards and Technology: Gaithersburg, MD, June 2005; http://
webbook.nist.gov (accessed January 2020).
(62) Ortiz, J. V. Electron Binding Energies of Anionic Alkali Metal
Atoms from Partial Fourth Order Electron Propagator Theory
Calculations. J. Chem. Phys. 1988, 89, 6348−6352.
(63) von Niessen, W.; Schirmer, J.; Cederbaum, L. S. Computational
Methods for the One-Particle Green’s Function. Comput. Phys. Rep.
1984, 1, 57−125.
(64) Frisch, M. J.; et al. Gaussian 09, revision A.02; Gaussian, Inc.:
Wallingford, CT, 2009.
(65) Traeger, J. C.; McLoughlin, R. G. Absolute Heats of Formation
for Gas-Phase Cations. J. Am. Chem. Soc. 1981, 103, 3647−3652.
(66) Chupka, W. A. Effect of Thermal Energy on Ionization
Efficiency Curves of Fragment Ions. J. Chem. Phys. 1971, 54, 1936.
(67) Novak, I.; Benson, J. M.; Potts, A. W. UV Angle-Resolved
Photoelectron Spectra of Mixed Methylene Dihalides using
Synchrotron Radiation. Chem. Phys. 1986, 107, 129.
(68) Lee, M.; Kim, H.; Lee, Y. S.; Kim, M. S. Vibrational Assignment
and Franck-Condon Analysis of the Mass-Analyzed Threshold
Ionization (MATI) Spectrum of CH2ClI: The Effect of Strong
Spin-Orbit Interaction. J. Chem. Phys. 2005, 122, 244319.
(69) Kim, H.; Park, Y. C.; Lee, Y. S. Spin-orbit Effects on the
Structure of Haloiodomethane Cations CH2XI

+ (X = F, Cl, Br, and I).
Bull. Korean Chem. Soc. 2014, 35, 775−782.
(70) Ohkoshi, I.; Niide, Y.; Takano, M. J. Microwave Spectrum and
Quadrupole Coupling Constant Tensor of Chloroiodomethane. J.
Mol. Spectrosc. 1987, 124, 118−129.
(71) Lee, M.; Kim, H.; Lee, Y. S.; Kim, M. S. A Dramatic Spin-Orbit
Effect Observed in the Vibrational Frequencies of the Chloroiodo-
methane Cation. Angew. Chem., Int. Ed. 2005, 44, 2929−2931.
(72) Kwok, W. M.; Ma, C.; Parker, A. W.; Phillips, D.; Towrie, M.;
Matousek, P.; Zheng, X.; Phillips, D. L. Picosecond Time-Resolved
Resonance Raman Observation of the Iso-CH2Cl-I and Iso-CH2I-Cl
Photoproducts from the"PhotoisomerizationReactions of CH2ICl in
the Solution Phase. J. Chem. Phys. 2001, 114, 7536−7543.
(73) Preston, T. J.; Dutta, M.; Esselman, B. J.; Kalume, A.; George,
L.; McMahon, R. J.; Reid, S. A.; Fleming Crim, F. Formation and
Relaxation Dynamics of Iso-CH2Cl-I in Cryogenic Matrices. J. Chem.
Phys. 2011, 135, 114503.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c05754
J. Phys. Chem. A 2020, 124, 7491−7499

7499

http://www.tc.uni-koeln.de/PP/clickpse.en.html
http://www.tc.uni-koeln.de/PP/clickpse.en.html
https://dx.doi.org/10.1016/S0009-2614(89)87395-6
https://dx.doi.org/10.1016/S0009-2614(89)87395-6
https://dx.doi.org/10.1063/1.456010
https://dx.doi.org/10.1063/1.456010
https://dx.doi.org/10.1021/j100377a021
https://dx.doi.org/10.1021/j100377a021
https://dx.doi.org/10.1002/qua.560360824
https://dx.doi.org/10.1002/qua.560360824
https://dx.doi.org/10.1080/00268977000101561
https://dx.doi.org/10.1080/00268977000101561
https://dx.doi.org/10.1080/00268977000101561
https://dx.doi.org/10.1063/1.1740588
https://dx.doi.org/10.1063/1.1740588
https://dx.doi.org/10.1080/00268976.2012.725137
https://dx.doi.org/10.1080/00268976.2012.725137
http://webbook.nist.gov
http://webbook.nist.gov
https://dx.doi.org/10.1063/1.455401
https://dx.doi.org/10.1063/1.455401
https://dx.doi.org/10.1063/1.455401
https://dx.doi.org/10.1016/0167-7977(84)90002-9
https://dx.doi.org/10.1016/0167-7977(84)90002-9
https://dx.doi.org/10.1021/ja00403a006
https://dx.doi.org/10.1021/ja00403a006
https://dx.doi.org/10.1063/1.1675122
https://dx.doi.org/10.1063/1.1675122
https://dx.doi.org/10.1016/0301-0104(86)85066-2
https://dx.doi.org/10.1016/0301-0104(86)85066-2
https://dx.doi.org/10.1016/0301-0104(86)85066-2
https://dx.doi.org/10.1063/1.1948384
https://dx.doi.org/10.1063/1.1948384
https://dx.doi.org/10.1063/1.1948384
https://dx.doi.org/10.1063/1.1948384
https://dx.doi.org/10.5012/bkcs.2014.35.3.775
https://dx.doi.org/10.5012/bkcs.2014.35.3.775
https://dx.doi.org/10.1016/0022-2852(87)90126-3
https://dx.doi.org/10.1016/0022-2852(87)90126-3
https://dx.doi.org/10.1002/anie.200463090
https://dx.doi.org/10.1002/anie.200463090
https://dx.doi.org/10.1002/anie.200463090
https://dx.doi.org/10.1063/1.1362178
https://dx.doi.org/10.1063/1.1362178
https://dx.doi.org/10.1063/1.1362178
https://dx.doi.org/10.1063/1.1362178
https://dx.doi.org/10.1063/1.3633697
https://dx.doi.org/10.1063/1.3633697
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c05754?ref=pdf

