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Halogenomethanes molecules fragmentation at interaction with ions
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The mechanism of fragmentation of isolated molecules of carbon tetrachloride CCl4 and the simplest

chlorofluorocarbons CFC-12 (CCl2F2), CFC-13 (CClF3) at the single electron capture by H+, He2+ and Ar6+

ions keV energy has been studied. It is shown that the main process during the ionization of the molecules

under study is the process of elimination of atomic chlorine. The formation of an undissociated molecular ion

M+ is observed only for CF3Cl and CCl2F2 molecules, for which the process of elimination of atomic fluorine is

significantly less probable than chlorine. The parameters of molecules and singly charged halogenomethane ions

were calculated using the multiconfiguration method of self-consistent field in total active space (CASSCF). For
the experimentally observed main channels of fragmentation of these ions, reaction paths are considered within the

framework of the CASSCF method.
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Introduction

It is believed that contamination of the stratosphere with

various halocarbons leads to depletion of the ozone layer

due to the interaction of ozone with halogen atoms formed

during fragmentation of these molecules, in particular, when

they interact with ultraviolet radiation, for example [1–5].
This problem was reflected in 1987 Montreal Protocol on

Substances that Deplete the Ozone Layer among which spe-

cially highlighted simplest chlorofluorocarbons and carbon

tetrachloride [2], which are gases of anthropogenic origin [6].

The lifetime in the stratosphere of chlorofluorocarbons

and carbon tetrachloride is many years (CCl3F — 45 years,

CCl2F2 — 100 years, CClF3 — 640 years and CCl4 — 265

years [2]). It is believed that the removal of these substances

from the atmosphere occurs mainly in the stratosphere due

to UV photolysis and chemical reactions, for example, with

excited atomic oxygen O(1D) [5]. Ref. [7] proposes to

take into account the processes of dissociative adhesion of

slow electrons (Eel < 20 eV) leading to fragmentation of

halogenomethane molecules.

In particular, chain reactions involving Cl atoms are

responsible for the destruction of ozone molecules in the

stratosphere, when they collide with ozone atoms, chlorine

monoxide and an oxygen molecule are formed. Chlorine

monoxide, in turn, can react with atomic oxygen producing

atomic chlorine, which leads to a cycle in which ozone is

destroyed to molecular oxygen, and chlorine atoms return to

the stratosphere. One chlorine atom destroys 105 molecules

of 3 on average. Chlorine is removed when it enters the

troposphere and it is removed by rains with HCl. Atomic

fluorine is a part of a similar chain of ozone depletion, but

the chain is quickly interrupted with the formation of HF

due to the chemical activity of fluorine [4,8].
The practical significance of halogenomethanes has stim-

ulated a large number of studies that investigated the

fragmentation of these molecules in interaction with radia-

tion [8–12], electrons [7,13–18] and ions [19–21] penetrating
into the upper layers of the Earth atmosphere. This paper

studied the mechanism of fragmentation of isolated car-

bon tetrachloride molecules CCl4 and chlorofluorocarbons

CCl2F2, CClF3 in the process of capturing one electron

from them by H+, He2+ ions and Ar6+ keV energy. The

parameters of molecules and single-charged halomethane

ions were calculated using the multi-configuration method

of a self-consistent field in the full active space (CASSCF),
and the reaction paths of the main experimentally observed

fragmentation channels of these ions were considered using

the CASSCF method.

1. Experimental method

The experimental setup described in detail in Ref. [19]
was used to conduct the study. A collimated monokinetic

beam of H+, He2+ and Ar6+ ions with energy of 10.2z keV

(where z — the charge of the incoming ion) crossed the

effusion gas jet molecules. The interaction of the ion

beam and the molecular jet occurred in the region of a

homogeneous electric field with a strength of 150V/cm.

This electric field pulled the ions formed in the collision

with the incoming ions into the ion-optical system of the

time-of-flight mass analyzer. The fragment ions of the

target molecule were accelerated by the analyzer optics

to the energy of 2.5q keV, where q is the charge of the
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Table 1. Ionization potentials, bond lengths and dipole moments of molecules CCl4, CF2Cl2 and CF3Cl in optimal geometry

Molecules and IPv IP [23] R(C−Cl) R(C−F) µ

ions (eV) (eV) (nm) (nm) (D)

CCl4 (1A1) 11.99 11.47± 0.01 0.1793 0.00

CCl+4 (2B1)
0.1735 (Cl2&Cl3)*
0.1852 (Cl4&Cl5)

CF2Cl2 (1A1) 11.99 12.0± 0.2 0.1758 0.1327 0.26

CF2Cl
+
2 (2B1) 0.1788 0.1283

CF2Cl
+
2 (2B2) 0.1794 0.1300

CF2Cl
+
2 (22B2) 0.1670 0.1447

CF3Cl (1A1) 12.61 12.6± 0.4 0.1787 0.1320 0.14

CF3Cl
+ (2E)

There is no optimal

geometry

CF3Cl
+ (2A2) 0.1679 0.1371

Note. * — numbering of atoms on the insert Fig. 2.

fragment ion. The ions that passed the mass analyzer

were accelerated additionally by a voltage of 12 kV and

were recorded by a detector, whose signals were used

as
”
stop“ signals of time-of-flight mass analyzer. A high

and uniform efficiency of recording of ions of different

mass and charge was achieved through the additional

acceleration. Calculations performed during the designing

of the analyzer showed that this ion-optical system can

ensure 100% collection of recoil ions with initial energies

of less than 5 eV. The incoming ions after the collision were

analyzed by charge by an electrostatic analyzer and recorded

by a detector, the signals of which were used as the
”
start“

signals of the time-of-flight mass analyzer.

2. Quantum chemical calculation method

The parameters of neutral halogenomethane molecules

were calculated using the GAMESS-US (2023) [22] multi-

configuration method of the complete active space self-

consistent field CASSCF(n, k) (n-active electrons localized

on k-active molecular orbitals). The number of active

electrons decreases by one during the ionization process,

and the wave function of a single-charged ion is described

by the CASSCF(n − 1, k) method. The calculations were

performed in a full-electron correlation-matched cc-pVTZ

atomic basis.

The active space was used for 16 active electrons

distributed over 13 active molecular orbitals

[7b110a111a15b28b13a212a16b2—13a17b29b114a14a2]
when calculating the parameters of the CF2Cl2 molecule

having the symmetry group C2v. The optimal geometric

parameters of the molecular ion CF2Cl
+
2 were calculated

both in the ground state 2B1 and in the two lower electronic

states 2B2 and 22B2 (Table 1).

The active space was used for 18 active elec-

trons distributed over 13 active molecular orbitals

[5e1a26e9a17e10a1—11a112a18e] when calculating the pa-

rameters of the CF3Cl molecule having the symmetry group

C3v. The optimal geometric parameters of the molecular

ion CF3Cl
+ were calculated both in the ground state 2E

and in the excited state 2A2 (Table 1). It turned out that the

ground state 2E of the CF3Cl
+ ion does not have an optimal

geometry and, as a result, a barrier for the fragmentation

process with the separation of the neutral chlorine atom.

The active space was used for 14 active elec-

trons distributed over 11 active molecular orbitals

[2t16a17t2—7a18t2] when calculating the parameters of

CCl4 molecule having a symmetry group Td.

The calculated ionization potentials for all studied

molecules are in good agreement with those recommended

in the NIST database [23] (Table 1). The value of the

ionization potential for the molecule of CCl4 was obtained

by averaging over three components of the term 2T1 and is

therefore slightly overestimated.

The IRC (Intrinsic Reaction Coordinate) algorithm in the

space of mass-weighted coordinates was used to calculate

the paths of halogen atom separation reactions for CCl4
and CCl2F

+
2 ions. The calculation of fragmentation paths

of CClF+
3 ion was performed using partial geometry opti-

mization due to averaging over electronic states 2E and 2A2

with the same weights when optimizing molecular orbitals

(state-averaged CASSCF).

3. Results and discussion

Figure 1 shows typical time-of-flight mass spectra of

fragment ions formed during the capture of one electron

by He2+ ions in halogenomethane molecules. During
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Figure 1. Mass spectra of ion fragments formed in the process

of capture of one electron by He2+ ions from halogenomethane

molecules: a — CF3Cl, b — CCl2F2, c — CCl4.

the formation of the mass spectra, the
”
start“ signals

were the recording signals of incoming Ion(z−1) ions that

captured one electron. Thus, the fragment ions forming

these mass spectra are formed in the processes of single-

electron capture and capture with ionization. In particular,

the capture process with ionization manifests itself in the

appearance of peaks of the corresponding two-charged ion

fragments in the mass spectra. Tables 2−4 show the

relative cross sections of the formation of fragment ions

when one electron is captured by H+, He2+, Ar6+ ions in

molecules of CCl4, CCl2F2 and CClF3. The total capture

cross section of one electron σzz−1 is assumed to be 100%.

In addition, the tables show the ionization cross sections of

the studied molecules by electron impact σion(e
−) from the

database [23]. As can be seen from the above data, the

main process during ionization of the studied molecules is

the process of separation of the chlorine atom from them

to form the molecular ion (M-Cl)+. The formation of an

undissociated molecular ion M+ is observed only for CF3Cl

and CCl2F2 molecules. The process of separation of the

fluorine atom from these molecules is significantly less likely

than in case of chlorine.

Quantum chemical calculations show that the process of

separation of the chlorine atom has practically no barrier

for all the considered molecules and all the corresponding

reactions are exothermic. The energy effects of the reactions

1E , shown in Table 5, are defined as the difference in

0.20 0.25 0.30 0.400.35
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e
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Figure 2. Dependence of the relative energy of the molecular ion

of CCl+4 along the path of the chlorine atom separation reaction.

The energy reference point is the total energy of the CCl+4 ion in

the optimal geometry of the neutral molecule. A straight red line is

the energy effect of the reaction.

the energies of the initial ion in the geometry of a neutral

molecule, which corresponds to the process of vertical ion-

ization, and the energies of the system after fragmentation.

Previously, such energy effects were estimated as a result

of quantum chemical calculations [24], which turn out to be

less than those obtained in this paper. This discrepancy is

explained by the use of a more complete atomic basis set

and a more advanced calculation method.

The calculated dependence of the relative energy of

the molecular ion CCl+4 on the path of the chlorine

atom separation reaction is shown in Fig. 2. The total

energy of the CCl+4 ion in the optimal geometry of the

neutral molecule is taken as the energy reference point and

determines the vertical ionization potential of the molecule

of CCl4 (Table 1). Calculations show that, for example [25]
the symmetry of the ion decreases in the optimal geometry

from Td in a neutral molecule to C2v as a result of the

Jahn−Teller effect (Table 1). The molecular ion is located

at a local minimum with a depth of about 0.05 eV in the

optimal geometry. The calculated energy of the appearance

of CCl+3 ions is in satisfactory agreement with experimental

data (Table 5).
The calculated relative energy dependences for the three

lower electronic states of the molecular ion of CCl2F
+
2

along the path of the separation reaction of one halogen

atom are shown in Fig. 3. The total energy of CF2Cl
+
2

ion in the ground state 2B1 in the optimal geometry of a

neutral molecule is taken as the relative energy reference

point when considering fragmentation paths and determines

the vertical ionization potential of the CF2Cl2 molecule

(Table 1). The ion in these states retains the symmetry

of C2v in the optimal geometry. Fragmentation from the

ground state 2B1 leads to the formation of CF2Cl
+ ion and

a neutral chlorine atom. There is a minimum with a depth

of about 0.12 eV on the surface of the potential energy at
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Table 2. Relative cross sections of ion fragmentation processes formed in case of capture of one electron by ions of H+, He2+, Ar6+

in molecules of CCl4

Fragment 〈MW〉* σ10(H
+) σ21(H

2+) σ65(Ar
6+) σion(e

−) [23]
of ion (u.) % % % %

CCl+3 118.37 57.25 73.41 69.53 73.58

CCl+2 82.92 14.80 11.48 11.71 13.59

CCl2+3 59.19 1.31 0.83 4.73

CCl+ 47.46 12.16 6.15 7.28 8.31

Cl+ 35.45 12.65 6.52 5.80 4.40

C+ 12 1.84 1.60 0.95 0.12

Note. * — the average value of the molecular weight of the fragment, taking into account the isotopic composition.

Table 3. Relative cross sections of ion fragmentation processes formed by capture of one electron by ions of H+, He2+, Ar6+

from molecules of CF2Cl2

Fragment 〈MW〉* σ10(H
+) σ21(H

2+) σ65(Ar
6+) σion(e

−) [23]
of ion (u.) % % % %

CF2Cl
+
2 120.91 0.2 0.3 0.2 0.21

CFCl+2 101.92 8.2 6.3 6.3 8.21

CF2Cl
+ 85.46 62.6 78.6 69.0 71.57

CCl+2 82.92 1.4 0.1 0.4 0.11

Cl+2 70.91 0.1 0.1 0.1 0.21

CFCl+ 66.46 2.7 1.2 2.9 2.68

CF+
2 50 8.3 4.3 7.1 6.33

CCl+ 47.46 2.1 1.0 1.3 1.88

CCl2+2 41.46 0.5 0.3 1.2

Cl+ 35.45 9.1 4.6 6.6 4.99

CF+ 31 3.9 1.9 3.9 3.70

F+ 19 0.2 0.3 0.3 0.11

C+ 12 0.8 1.1 0.5

Table 4. Relative cross sections of ion fragmentation processes formed during capture of one electron by ions H+, He2+, Ar6+

from molecules of CF3Cl

Fragment 〈MW〉* σ10(H
+) σ21(H

2+) σ65(Ar
6+) σion(e

−) [23]
of ion (u.) % % % %

CF3Cl
+ 104.46 1.08 1.50 1.22 0.64

CF2Cl
+ 85.46 24.19 15.80 13.74 17.09

CF+
3 69 54.34 69.13 55.72 72.01

CFCl+ 66.46 0.27 0.35 0.78 0.21

CF+
2 50 6.90 2.79 9.25 4.63

CCl+ 47.46 0.45 0.33 0.37 0.36

CF2Cl
2+ 42.73 0.95 0.77 2.97

Cl+ 35.45 7.63 5.20 8.71 2.92

CFCl2+ 33.23 0.25 0.30 1.26 0.50

CF+ 31 2.83 1.70 4.77 1.28

F+ 19 0.44 0.70 0.60 0.14

C+ 12 0.68 1.43 0.61 0.21

a distance of r(C − Cl) ≈ 0.338 nm due to the polarization

of the outgoing neutral chlorine atom.

Calculations show that the process of separation of a

fluorine atom is not realized on the surface of the potential

energy of the ground electronic state 2B1, but is possible on

the surfaces of the potential energy of the lower electroni-

cally excited states 2B2 and 22B2 (Fig. 3). The initial optimal

geometry (C2v) of the CF2Cl
+
2 ion in the electronic state 2B2

represents a local minimum. The process of separation of

the fluorine atom passes through the transition state point

Technical Physics, 2024, Vol. 69, No. 9
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Table 5. Energies of the appearance of fragment ions and the energy effect of fragmentation reactions

Parent Fragment of
AE (eV)

AE (eV)
1E (eV)

1E (eV)
ion ion [23] [24]

CCl+4 (2B1) CCl+3 11.99 11.28 2.64 1.97

CCl2F
+
2 (2B1) CClF+

2 11.99 12.7 1.88 1.19

CCl2F
+
2 (2B2) CCl2F

+ 13.55
14.2

0.25

CCl2F
+
2 (22B2) CCl2F

+ 14.81 0.25

CF3Cl
+(2E) CF+

3 12.6 12.7 1.78 0.84

CF3Cl
+(2A2) CF2Cl

+ 15.6 15.4 0.57
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Figure 3. Dependence of the relative energy of the molecular ion

CF2Cl
+
2 along the path of the halogen atom separation reaction (Cl

or F). Energy reference point is the total energy of the CF2Cl
+
2

ion in the optimal geometry of a neutral molecule. Straight red

lines — the energy effect of the reaction.

with a distance of r(C− F) ≈ 0.155 nm. The process of ion

fragmentation with the same symmetry, but in the excited

state 22B2 leads to barrier-free separation of the fluorine

atom. The calculated energies of the appearance of CFCl+2
ions in the processes discussed above are in good agreement

with experimental data (Table 5).

The calculated relative energy dependences for the two

lower electronic states of the molecular ion of CClF+
3 along

the path of the separation reaction of one halogen atom

are shown in Fig. 4. The total energy of the ground

state of the CF3Cl
+ 2E ion in the geometry of a neutral

molecule is taken as the relative energy reference point and

determines the vertical ionization potential of the CF3Cl

molecule (Table 1). In this case, the ground state 2E of

the CF3Cl
+ ion does not have an optimal geometry and

fragments with the separation of the chlorine atom. There

is a minimum with depth of about 0.18 eV on the reaction

path at a distance of r(C − Cl) ≈ 0.314 nm.

The process of separation of a fluorine atom along the

surface of the potential energy of the ground state of the

CF3Cl
+ ion is not realized. This process can occur along

the surfaces of the potential energy of excited states, Fig. 4

shows the first excited state 2A2, in which, as shown by the

calculation, unlike the ground state 2E ion of CF3Cl
+ has

the optimal geometry belonging to the symmetry group of

C3v. A decrease of the bond length C−Cl and an elongation

of the bonds C−F is observed when the optimal geometry

is formed (shortening occurs) (Table 1). As the system

develops along the reaction path, one of the bonds C−F

elongates, which results in a decrease of the symmetry of

the system to Cs. The path of the fluorine atom separation

reaction passes through the quasi-intersection point of the

potential energy surfaces of the two lower terms 2A” at a

distance of r(C − F) = 0.1651 nm, as a result of which at

distances less than this value the potential energy of the

system is determined by the term 22A” and by the term

12A” at larger distances.
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Figure 4. Dependence of the relative energy of the molecular

ion of CF3Cl
+ along the path of the halogen atom separation

reaction (Cl or F). The energy reference point is the total energy

of the CF3Cl
+ ion in the optimal geometry of the neutral molecule.

Straight red lines — the energy effect of the reaction.
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Conclusion

Capture of one electron from molecules of carbon

tetrachloride CCl4 and the simplest chlorofluorocarbons

CCl2F2 and CClF3 by ions of H+, He2+ and Ar6+

is accompanied by the separation of the chlorine atom.

The process has practically no barrier, and all relevant

reactions are exothermic. The formation of an undissociated

molecular ion M+ is observed only for CF3Cl and CCl2F2
molecules. The process of separation of the fluorine atom

from these molecules is significantly less likely than in

case of chlorine. Quantum chemical calculations show that

the process of separation of the fluorine atom most likely

occurs during the formation of molecular ions in excited

electronic states. The energy characteristics of the pro-

cesses obtained by the multi-configuration CASSCF method

are in good agreement with the available experimental

data.
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