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Abstract: Epichlorohydrin is used as an intermediate for the synthesis of polymers and, more
particularly, epoxy adhesives. The traditional process involves the cleavage of the carbon-chlorine
bond in an alkaline solution. Here, we investigate the breakage of this bond induced by low-energy
(<10 eV) electrons. We show the production of the chlorine anion via a resonant process at different
energies. The experimental observations are completed by quantum chemistry calculations of the
involved molecular orbitals in the formation of the precursor temporary anions, and their decay
mechanisms are discussed in terms of the complex potential energy curve crossing network. The
gained information may potentially contribute to a strategy of synthesis by other means where
low-energy electrons are implicated, i.e., cold plasmas or even scanning tunnelling microscope for
which the bond breakage can be controlled by the energy of the colliding electrons.

Keywords: epichlorohydrine; C-Cl bond breaking; low energy (<10 eV) electrons; dissociative
electron attachment; DFT calculations

1. Introduction

Halogen bonds play a pivotal role in chemical synthesis [1] with applications in
various fields, such as medicinal drug design [2,3] and agricultural pesticides [4]. In
polymer science, the halogenated compound is not widely utilized yet, although recent
years have seen an increase in interest in the use of halogen bonding in processes for
polymer assembly [5-7]. For instance, epoxy adhesives have been shown to be synthesized
using epichlorohydrin (ECH, CH,CHOCH,Cl) as an intermediate in traditional solution
processes [8] or via the association of bio-compatible compounds [9-11]. In addition to the
standard methods for the chemical synthesis of polymers, more sustainable and eco-friendly
techniques have been developed, among which are cold (or non-thermal) plasma [12-14] or
radiation-based processes [15-17]. In these techniques, neutral radicals are considered to be
responsible for inducing the polymerization reactions. However, the produced secondary
electrons are very likely to be implicated.

In either the plasma [18] or radiation [19] techniques, the ballistic electrons are pro-
duced abundantly with an energy distribution below 20 eV [20,21]. The ability of these
particles to trigger chemical reactions leading to the synthesis of new species is now demon-
strated. For instance, it has been shown that the irradiation of a film of dimethyl sulfide with
electrons of energies as low as 1 eV produces ethylene via the decomposition of the precur-
sor molecules via resonant processes [22]. These electrons are also capable of synthesizing
polymers. Indeed, the irradiation of films of methanol (CH3OH) by a 20 eV electron beam
generates ethylene glycol (HOCH,CH,OH) [23]. At these energies, the interacting electrons
may ionize, excite, or fragment the molecule as the first step, followed by the reactions with
the environing molecules. Therefore, it is important to understand this primary action and,
more particularly, the fragmentation at low energies. For the halogenated compounds, the
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molecular decomposition evolving the C-Cl cleavage is particularly efficient at energies
usually near 0 eV. The cross-sections for such a bond rupture induced by electrons, which
quantifies the efficiency of the process, have been estimated to be as high as 1073 cm? (from
tetrachlorocarbon [24]) or 10~1% ecm? (chlorouracil) [25], respectively. Thus, it is desirable
to investigate the interaction of electrons with the halogenated molecules in isolation in
the gas phase by exploring and quantifying the accessible fragmentation channels prior to
potentially applying the compounds for synthesis using techniques that involve electrons.

In this work, we study the collision of low-energy electrons with epichlorohydrin in
the gas phase and particularly the process underlying the cleavage of the carbon—chloride,
C-Cl, bond. We show that the fragmentation of epichlorohydrin produces mainly the
CI™ anion at the electron energies above 1.5 eV via resonant processes, supported by DFT
calculations.

2. Results and Discussion

Figure 1 presents the anion time-of-flight spectra recorded from the collision of elec-
trons with epichlorohydrin molecules, recorded at different electron accelerating voltages
(EAV). It is to be noted here that the residential time of the formed ion species in the
extraction and the acceleration areas are estimated to be 250 ns and 150 ns, respectively.
If these time constraints are verified, they will arrive as a peak at the appropriate time
in the time-of-flight spectra shown in Figure 1. At an EAV of 3.2 V, no anion is detected
(Figure 1a). As the EAV increases (Figure 1b,c), a peak is observed at m/z 35 with an
additional feature at m/z 37 (Figure 1b). These species are assigned to the 3°C1~ and ¥ Cl1~
negative fragments. No further anion is detected. At each EAV, the chlorine yield is inte-
grated and normalized to the electron current. Figure 2 shows the C1™ anion yield as the
function of the electron energy. The conversion from the electron accelerating voltage to the
electron energy is obtained by shifting the EAV value by using a calibrating molecule [26],
i.e., ethylenediamine (EDA) is used in this work [27]. The inset of Figure 2 presents the
yield function of the dehydrogenated ethylenediamine anion (black line), for which the
resonance peak has been estimated to be 3.16 eV [27], while the blue line corresponds to
that of the chlorine anion. Thus, the C1~ anion yield function exhibits structures peaked
at22eV,39¢eV,51¢eV,6.1eV, and 6.9 eV (Figure 2). It is to be noted at this point that
the appearance energy of the chlorine anion is observed at well above 1.5 eV, while the
cleavage of the C-Cl bond yielding the chlorine anion is nearly a thermoneutral reaction
when considering the electron affinity of the chlorine atom (c.a., 3.6-3.7 eV [28]) and the
average C-Cl bond dissociation energy (c.a., 3.65 eV [29]).

The calculated molecular orbitals (MOs) associated with the different anion states are
displayed in Figure 3. The first state (corresponding to the trapping of the electron in the
Lowest Unoccupied Molecular Orbital (LUMO)) is located at 2.66 eV above the neutral
ground state. In the next seven states, i.e., with the resonance electron attachment energies
at 3.24, 3.40, 3.87, 4.35, 4.96, 5.54, and 6.96 eV, the excess electron resides mainly at the
(ECH-CI) moiety of the molecule. The 3.24 eV and 3.87 eV states are formed by a linear
combination of two main MOs. Finally, the potential energy curves (PECs) of the neutral
and the anion as the function of the C-Cl distance are provided in Figure 4. The curve of
the first anionic state (calculated at 2.66 eV in a vertical attachment process) decreases to
an asymptote, corresponding to the formation of a chlorine ion. The presence of several
avoided crossings from the lowest energy states around a zero A elongation is to be noted.

The peaks observed in the chlorine anion yield function (Figure 2) indicate that
the dissociation of the C-Cl bond is controlled by resonant processes. At these energies
below the first valence ionization energy of the molecule, c.a., 10.64 eV for ECH [30], it
is now well-admitted that dissociative electron attachment (DEA) is the most efficient
fragmentation process [31]. In brief, the colliding electron is temporarily trapped by the
precursor to form a transitory negative ion; this latter may undergo dissociation into
a negative fragment (Cl7) and a neutral counterpart (ECH-CI1)®, which is, in this case,
a neutral radical. The DEA cross-section, reflecting the production of the anions, is a
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convolution of the electron capture cross-section with the survival probability (i.e., the
autodetachment vs. dissociation times) [31]. The capture of the extra electron may arise
from the shape or core-excite resonances [31] but also possibly via the formation of a
dipole-bound anion as the gateway for DEA [32]. For this latter process, the dipole moment
of the molecule must be sufficiently high, i.e., above 2 D [33], to sustain a dipole-bound
state. The low dipole moment value of ECH calculated here of 0.5627 D forbids such
a state to be formed, thus prohibiting molecular dissociation via this mechanism. The
shape resonance consists of the accommodation of the colliding electron into an empty MO.
For the core-excited resonance process, one of the valence electrons is excited while the
extra-electron is concomitantly trapped by the positive molecular core. The 2.2 eV energy
peak position observed in the Cl~ anion yield function (Figure 2) arises from the shape
resonance via the occupation of the extra electron in the state at 2.66 eV, possessing a C-Cl
bond with a o * character, shown in Figure 3. The local optimization of the anion, shown in
Figure S2, exhibits a different geometry, which involves a wagging of the CH, group and
the shift of the chlorine atom: the energy is lowered by 2.92 eV, and so the optimized anion
lies 0.26 eV below the neutral. The state at 2.66 eV is purely dissociative, as shown by the
lowest anion PEC that presents, however, a shallow minimum (Figure 4, crosses). While
the MO is calculated at 2.66 eV, the difference with the observed peak position (2.2 eV)
in the CI™ anion yield function may result in the convolution of the capture cross-section
and the survival probability of the transitory precursor anion. The next MOs, calculated at
3.24 eV, 3.40 eV, and 3.87 eV, show that the excess electron is not mainly residing on the
chlorine moiety and, if dissociation arises, the (ECH-Cl)™ anion fragment would be formed
along with the Cl* radical. Moreover, the PECs curves (full and open squares and stars)
associated with these MOs present a potential barrier of more than 1.0 eV to overcome
for such a dissociation to arise. The experimental measurements show neither the parent
(ECH)™ nor (ECH-Cl)~ since no clear peaks are observed in the anion mass spectra at
m/z 92 and 57, respectively, indicating that these dissociation channels are not likely or at
least less probable than that for production of the chlorine anion. It is to be noted that the
electron affinity of (ECH-CI)®, calculated to be 0.18 eV after the relaxation of the geometry
of the radical, is much lower than that of the CI® radical mentioned above [27]. A resonant
peak is observed at 3.9 eV in the Cl1~ yield function, which may correspond to the trapping
of the electron in the state calculated at 3.87 eV. The dissociation channel for the C1~ anion
may then operate via the crossing of the PECs (full squares — crosses) at the ECH-CI
bond elongation of 0 A (i.e., the equilibrium position of the neutral). The intense observed
5.1 eV peak may be associated with the calculated states above 5 eV, which can lead to
fragmentation into C1~ either via the coupling of the PECs through the lowest pathway
or by opening a new dissociation pathway leading to the excited state of the anion C1~
(asymptote at ~5 eV in Figure 4). It is to be noted that the PECs are calculated at 0 K.
The height of the potential barriers calculated at this temperature is likely to be reduced
(typically by at least 0.5 eV) at the experimental conditions (T~300 K), rendering further
dissociation pathways accessible.

From the inset of Figure 2, the comparison of the (EDA-H)™ anion yield with that of
the chlorine anion can provide an estimation of the CI~ anion production cross-section.
Indeed, the anion production cross-section, ojon(E), at a given incident electron energy, E,
can be estimated via Njon(E) = €-Ne*Nneutra-0ion(E)-L, where Njop, represents the number of
collected ions, € represents the detection efficiency, Ne and Nyeyiral Tepresent the number
of colliding electrons and the density of the neutral target molecules, respectively, and
L represents the length of the interaction region. Since Nyeytra] and L are not accessible,
ocl” /0@Epa-H) can be obtained by knowing the gas pressure ratio, Pecy/Pgpa (i-e., ~2,
in the present work), and the measured numbers of ions N¢; ™ /N(gpa-p) - From the yield
functions of the C1™ and (EDA-H) ™ anions (blue and black lines, respectively, in the inset
of Figure 2) and with the known ogpa-r)~ at3.16 eV (c.a., 1.4 x 10712 cm? [27]), the cross-
section for the production of the chlorine anion can be estimated at the electron energy
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of 2.66,3.9,5.1,6.1,and 6.9 eV tobe 1.2 x 10716 cm?, 3.4 x 10716 cm?, 1.7 x 10~ cm?,
7.3 x 10710 cm, and 1.2 x 10716 cm?, respectively.
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Figure 1. Anion time-of-flight mass spectra recorded at the electron accelerating voltage of (a) 3.2V,
(b) 5.9V, and (c) 7.0 V.
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Figure 2. Cl~ anion yield as the function of the electron energy. In the inset, the yield of
(ethylenediamine-H)~ and Cl~ anions (black and blue lines, respectively) as the function of the
electron accelerating voltage. The dashed lines are guide-to-the-eyes.
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Figure 3. Calculated electron attachment energies (in eV) together with the main molecular orbitals
involved in the trapping of the extra electron. The state located at 2.66 eV possesses a 0_~; bond
character; those at 3.24, 3.40, and 3.87 eV have ¢_j bonds, while states at higher energy show
delocalized orbitals with a 0 _, bond. The white, grey and green balls represent H, C and Cl
atoms, respectively.
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Figure 4. Potential energy curves as the function of the C-Cl bond elongation (A). The equilibrium
distance of the molecule is taken as the reference. The neutral molecule PEC is plotted in red, while
the anion PECs are in black. The charge state of the dissociated chlorine atom/anion at the asymptote
is given as Cl or CI™.
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3. Methodologies
3.1. Experimental Method

The experimental setup has been thoroughly described elsewhere [26,34]. Only the
essentials of the method will be provided here. The cross-beam experiment, working at
ultra-high vacuum conditions (base pressure of 6 x 10~? mbar), is composed of a molecular
beam, a double counter-propagating electron beams produced by two electron guns (EG1
and EG2), and a dual (+/—) time-of-flight mass spectrometer (TOF_MS), all mounted
orthogonally. The epichlorohydrin (Sigma-Aldrich, Saint-Quentin-Fallavier, France, 99%) is
injected perpendicularly to the electron guns and TOF_MS plane, leading to the increase
in the chamber pressure to 1.7-to-2.0 x 107® mbar. EG1, equipped with a trochoidal
monochromator based on a dispersive ExB field, provides a mono-kinetic electron beam of
few nA with a typical energy resolution of 300 meV. EG1 is used for inducing the electron—
molecule collision experiments. The role of the EG2 is to ionize the parent molecule or
fragment formed after the fragmentation of the precursor. A dual (+/—) time-of-flight
mass spectrometer (TOF-MS) detects the negative and ionized neutral species that are
produced after the collision of the target molecule with electrons from EG1 or/and EG2.
The negative and positive ions are expelled from the collision area by a —450 V, 600 ns
pulse, and they are accelerated by +1450 V and —200 V, respectively (acceleration area),
before reaching the free field zone for the time separation. They are collected by a pair of
multi-channel plates (MCPs), transforming the arriving ions into electric pulses. These are
converted by a Time-Digital-Converter to arrival times and are stored in a PC for the ‘off
line” analysis. Note that with this experimental arrangement, it is possible to systematically
verify the molecular beam (e.g., purity of the investigated product) prior to further electron
collision studies.

3.2. Theoretical Method

Calculations have been performed in the framework of the density-functional theory
(DFT) and the time-dependent DFT (TDDEFT) using the Gaussian16 suite of programs [35].
The exchange and correlation potential is that of the range-separated hybrid density func-
tional wB97xd [36]. The resonance electron attachment energies are calculated following the
methodology presented in Ref. [37]; the ground state is calculated using an extended basis
set aug-cc-pvtz, while the anionic excited states are obtained using the non-augmented
basis set cc-pvtz [38]. This computational level has been previously shown to be adequate to
describe valence anionic excited states with good accuracy while preventing the occurrences
of intruding discretized continuum states in the excited state spectra method [37].

Epichlorohydrin presents three stable conformers (Figure S1), which differ by the
C-C-C-Cl dihedral angle [39]. Only the most stable structure is considered in the present
study. Pre- and post-processing operations are performed by using the graphical interface
Gabedit [40].

4. Conclusions

The dissociation of epichlorohydrin induced by low energy (<10 eV) electrons pro-
duces chlorine anion associated with the (ECH-CI)*® neutral radical. Multi-body fragmenta-
tion, particularly at high energies, i.e., CI~ anion associated with more neutral fragments,
was not clearly observed by using the ionization gun, EG2. The resonance states involved
in the dissociation of the transitory anion are identified and the dissociation pathways can
be suggested from the potential energy curve crossing network.

The information gained by this study possibly contributes to control synthesis since
electron energy controls the breaking of specific breaking of chemical bonds. Such a se-
lective chemistry has already been shown previously for the benzonitrile/water system.
Indeed, irradiating the admixture by a 3-4 eV electron beam only damages benzonitrile
via the C4gH5-CN bond cleavage, yielding CN™ anion and reactive phenyl radical [41]
while leaving H,O unaffected [42]. The further reaction of the phenyl radical with water
molecule synthetizes phenol [43]. In the present case, the possible reaction of the admix-
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ture of C¢H5CN:CH,CHOCH, (], triggered by a 4 eV electron beam for the synthesis of
CeHs-CH,CHOCH; via the reaction C¢Hs® and (ECH-CI1)® radicals is currently under
investigations. Such a molecule has not been reported in the literature yet and, thus, if
produced, could open access to some new perspectives for selective synthesis methods
based on the fundamentals of the low-energy electron-molecule interaction.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /molecules29246051/s1. Figure S1: Optimized configurations. Figure S2:
(a) Local optimization of the anion, (b) density of the extra electron, (c) energy diagram.
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L.C.; data curation, H.A.-C., ER. and L.C.; writing—original draft preparation, H.A.-C.; writing—
review and editing, H.A.-C. and ER.; funding acquisition, ER. All authors have read and agreed to
the published version of the manuscript.

Funding: Calculations were performed using HPC resources from GENCI-IDRIS (Grant A0170807662)
and the Po6le Scientifique de Modélisation Numérique (PSMN).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; Terrano, G. The halogen bond. Chem. Rev. 2016, 116,
2478-2601. [CrossRef]

Oronsky, B.; Scicinski, J.; Ning, S.; Peehl, D.; Oronsky, A.; Cabrales, P.; Bednarski, M.; Knox, S. RRx-001, a novel dinitroazetidine
radiosensitizer. Investig. New Drugs 2016, 34, 371-377. [CrossRef] [PubMed]

Ford, M.C.; Ho, P.S. Computational tools to model halogen bonds in medicinal chemistry. . Med. Chem. 2016, 59, 1655-1670.
[CrossRef] [PubMed]

Jeshke, P. Latest generation of halogen-containing pesticides. Pest Manag. Sci. 2017, 73, 1053-1066. [CrossRef]

Guo, H.; Putterddy, R.; Salminen, T.; Lends, A.; Jaudzems, K.; Zeng, H.; Priimagi, A. Halogen-bonded shape memory polymer.
Nat. Commun. 2022, 13, 7436. [CrossRef] [PubMed]

Berger, G.; Soubhye, J.; Meyer, F. Halogen bonding in polymer science: From crystal engineering to functional supramolecular
polymer and material. Polym. Chem. 2015, 6, 3559-3580. [CrossRef]

Lugger, S.J.D.; Houben, S.J.A.; Foelen, Y.; Debije, M.G.; Schenning, A.P.H.J.; Mulder, D.]. Hydrogen-bonded supramolecular
liquid crystal polymer: Smart material with stimuli-responsive, self-healing and recyclable properties. Chem. Rev. 2002, 122,
4946-4975. [CrossRef] [PubMed]

Kireev, V.V,; Bilichenko, Y.V.; Borisov, R.S.; Mu, J.; Kuznetsov, D.A.; Eroshenko, A.V.; Filatov, S.N.; Sirodin, 1.S. Synthesis of
bisphenol A based photoazene-containing epoxy resin with reduced viscosity. Polymers 2019, 11, 1914. [CrossRef] [PubMed]
Nouailas, H.; Aouf, C.; le Guerneve, C.; Caillol, S.; Boutevin, B.; Fulcrand, H. Synthesis and properties of bio-based epoxy resins.
Part 1. Glycidylation of flavonoids by epichlorohydrin. J. Polymer Sci. Part. A Polym. Chem. 2011, 49, 2261-2270. [CrossRef]
Zhang, H.; Chen, T,; Li, Y.; Nan, Y,; Sun, Y.; Sun, G. Novel lignin-containing high performance adhesive for extreme environment.
Int. J. Biolog. Macromol. 2020, 164, 1832-1839. [CrossRef]

Yan, Q.; Sun, Y; Li, Z.; Zhu, Y,; Zhang, S. Excellent strenght and toughness and multifinctional protein-based adhesive produced by
polyether clock sulfuretted polyamidoamine-epichlorohydrin via dual cross-linking. Indust. Crops Prod. 2023, 203, 117083. [CrossRef]
Kulkarni, S. Plasma assisted polymer synthesis and processing. In Non-Thermal Plasma Tecvhnology for Polymeric Materials:
Application in Composites, Nanostructured Materials and Biomedical Fields; Thomas, S., Mozetic, M., Cvelbar, U., Spatenka, P, Praveen,
K.M,, Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2019; pp. 67-93. ISBN 978-0-12-813152-7.

Jang, H.J.; Jung, E.Y,; Parson, T,; Tae, H.-S.; Park, C.-S. A review of plasma synthesis methods for polymers films and nanoparticles
under atmospheric conditions. Polymers 2021, 13, 2267. [CrossRef]

Dufour, T. From basis to frontiers: A comprehensive review of plasma modified and plasma synthesized polymer films. Polymers
2023, 15, 3607. [CrossRef]

Kichigina, G.A.; Kiryukhin, D.P; Mozhaev, P.S.; Barkhalov, .M. Radiation induced cryopolymerization of epichlorohydrin. High
Energy Chem. 2001, 32, 87-89. [CrossRef]

Chmielewski, A.G.; Haji-Saeid, M.; Ahmed, S. Progess in radiation processing of polymers. Nucl. Instrum. Meth. Phys. B Beam
Interact. Mater. At. 2005, 236, 44-54. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules29246051/s1
https://www.mdpi.com/article/10.3390/molecules29246051/s1
https://doi.org/10.1021/acs.chemrev.5b00484
https://doi.org/10.1007/s10637-016-0326-y
https://www.ncbi.nlm.nih.gov/pubmed/26841903
https://doi.org/10.1021/acs.jmedchem.5b00997
https://www.ncbi.nlm.nih.gov/pubmed/26465079
https://doi.org/10.1002/ps.4540
https://doi.org/10.1038/s41467-022-34962-7
https://www.ncbi.nlm.nih.gov/pubmed/36470884
https://doi.org/10.1039/C5PY00354G
https://doi.org/10.1021/acs.chemrev.1c00330
https://www.ncbi.nlm.nih.gov/pubmed/34428022
https://doi.org/10.3390/polym11121914
https://www.ncbi.nlm.nih.gov/pubmed/31757068
https://doi.org/10.1002/pola.24659
https://doi.org/10.1016/j.ijbiomac.2020.07.307
https://doi.org/10.1016/j.indcrop.2023.117083
https://doi.org/10.3390/polym13142267
https://doi.org/10.3390/polym15173607
https://doi.org/10.1023/A:1004165321316
https://doi.org/10.1016/j.nimb.2005.03.247

Molecules 2024, 29, 6051 80f8

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Makuuchi, K.; Cheung, S. Radiation Processing of Polymers Materials and Its Industrial Applications; Wiley & Son Inc: Hoboken, NJ,
USA, 2012; ISBN 978-0-470-58769-0.

Petitpas, G.; Rollier, J.-D.; Darmon, A.; Gonzales-Ahuilar, J.; Metkemeijer, R.; Fuchieri, L. Review: A comparative study of
non-thermal plasma assisted reforming technologies. Int. . Hydrogen Energy 2007, 32, 2848-2867. [CrossRef]

Bichsel, H.; Peirson, D.H.; Boring, ].W.; Green, A.; Inokuti, M.; Hurst, G. 5 W Values for Gases: Experimental Data and Suggested
Values. Rep. Int. Comm. Radiat. Units Meas. 1979, 16, 18-32. [CrossRef]

Blanco, F; Munéz, A.; Almeida, D.; da Silva, EE; Limao-Vieira, P.; Fuss, M.C.; Sanz, A.G.; Garcia, G. Modelling low energy
electron and positron tracks in biological relevant media. Eur. Phys. . D 2013, 67, 199. [CrossRef]

Miicke, M.; Braune, M.; Barth, S.; Forstel, M.; Lischke, T.; Arion, T.; Becker, U.; Bradshaw, A.; Hergenhahn, U. A hitherto
unrocognized source of low-energy electrons in water. Nat. Phys. 2010, 6, 143-146. [CrossRef]

Abdoul-Carime, H.; Bald, I.; Illenberger, E.]. Kopyra Selective synthesis of ethylene and acetylene from dimethyl sulfide cold
films controlled by slow electron. J.Phys Chem. C 2018, 122, 24137-24142. [CrossRef]

Sullivan, K.K.; Boamah, M.D.; Shulenberger, K.E.; Chapman, S.; Atkinson, K.E.; Boyer, M.C.; Arumainayagam, C.R. Low energy
(<20 eV) and high energy (1000 eV) electron induced methanol radiolysis of astronomical interest. Mon. Not. R. Astron. Soc. 2016,
460, 664—672.

Matejcik, S.; Kiendler, A.; Stamatovic, A.; Mark, T.D. A crossed beam hig resolution study of dissociative electron attachment to
CCH4. Int. J. Mass. Spectrom. Ion Proc. 1995, 149, 311-319. [CrossRef]

Abdoul-Carime, H.; Huels, M. A ; E. Illenberger, L. Sanche Fragmentation of Gas Phase HaloUracils Induced by Low-Energy
(0-18eV) Electron Impact. Int. J. Mass Spectrom. 2003, 228, 703-716. [CrossRef]

Abdoul-Carime, H.; Mounier, E; Charlieux, F; André, H. Correlated ion-(ion-neutral) time-of-flight mass spectrometer. Rev. Sci.
Instrum. 2023, 94, 045104. [CrossRef] [PubMed]

Abdoul-Carime, H.; Lys, E.; Gipouloux, J.; Rabilloud, F. Experimental and theoretical investigations of the fragmentation of
ethylenediamine induced by low energy (<10 eV) electrons. Molecules 2024, 29, 191.

Rienstra-Kiracoffe, J.C.; Tschumper, G.S.; Schaeffer, H.F. IIl. Atomic and molecular electron affinities: Photoelectron experiments
and theoretical computation. Chem. Rev. 2002, 102, 231-282. [CrossRef] [PubMed]

Blanksby, S.J.; Ellison, G.B. Bond dissociation energies of organic molecules. Acc. Chem. Res. 2003, 36, 255-263. [CrossRef] [PubMed]
Baker, A.D.; Betterridge, D.; Kirby, N.R. K.R.E. Application of photoelectron spectrometry to pesticide analysis: II. Photoelectron
spectra of hydroxy- and halo-alkane and halohydrins. Anal. Chem. 1971, 43, 375-381. [CrossRef]

Illenberger, E.; Momigny, J. Gaseous Molecular Ions: An Introduction to Elementary Processes Induced by Ionization; Batimgartel, H.,
Franck, E.U., Griinbein, W., Eds.; Springer: New York, NY, USA, 1992.

Sommerfeld, T. Dipole bound states as a doorway in (dissociative) electron attachment. J. Phys. Conf. Series. 2005, 4, 245-250.
[CrossRef]

Desfrancois, C.; Abdoul-Carime, H.; Khelifa, N.; Schermann, J.-P. From 1/r tol/r%: Electron exchange between Rydberg atoms
and polar molecules. Phys. Rev. Lett. 1994, 73, 2436-2439. [CrossRef] [PubMed]

Charlieux, F.; Abdoul-Carime, H. Processes induced by electrons at sub-ionization energies studied by the correlated ion-
(Ion/neutral) mass spectrometry. Chem. Phys. Chem. 2023, 24, €202200722. [CrossRef] [PubMed]

Frisch, ML].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16; Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

Chai, J.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom-atom dispersion corrections. Phys.
Chem. Chem. Phys. 2008, 10, 6615-6620. [CrossRef] [PubMed]

Thiam, G.; Rabilloud, F. Multi-basis-set (TD-)DFT methods for predicting electron attachment energies. J.Phys.Chem. Lett. 2021,
12,9995-10001. [CrossRef]

Dunning, H. Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen.
J. Chem. Phys. 1989, 90, 1007-1023. [CrossRef]

Stanges, S.; Alagia, M.; Decleva, P; Stener, M.; Fronzoni, G.; Toffoni, D.; Speranza, M.; Catone, D.; Turchini, S.; Prosperi, T.; et al.
The valence electronic structure and conformational flexibility of epichlorohydrin. Phys. Chem. Chem. Phys. 2011, 13, 12517-12528.
[CrossRef] [PubMed]

Allouche, A.-R.A. Gabedi User Interface for Computational Chemistry Softwares. J. Comput. Chem. 2011, 32, 174-182. [CrossRef]
[PubMed]

Abdoul-Carime, H.; Thiam, G.; Rabilloud, F. Low Energy (<10 eV) Electron Collision with Benzonitrile-CCly; Admixture: A
Combined Theoretical and Experimental Study. Chem.Phys.Chem. 2024, 25, 202400287.

Rawat, P,; Prabhudesai, V.S.; Aravind, G.; Rahman, M.A. Absolute cross section for dissociative electron attachment to H,O and
D,O0.]. Phys. B Atm. Mol. Opt. Phys. 2007, 40, 4625. [CrossRef]

Abdoul-Carime, H.; Lathuliere, B.; Nedelec, P.; Kopyra, J. Synthesis of benzene and phenol induced from the irradiation of
benzonitrile:water ices by low energy (<10 eV) electrons. |. Geophys. Res. Planets 2024, 129, e203JE008151.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijhydene.2007.03.026
https://doi.org/10.1093/jicru_os16.2.18
https://doi.org/10.1140/epjd/e2013-40276-1
https://doi.org/10.1038/nphys1500
https://doi.org/10.1021/acs.jpcc.8b07377
https://doi.org/10.1016/0168-1176(95)04265-M
https://doi.org/10.1016/S1387-3806(03)00139-8
https://doi.org/10.1063/5.0141540
https://www.ncbi.nlm.nih.gov/pubmed/38081272
https://doi.org/10.1021/cr990044u
https://www.ncbi.nlm.nih.gov/pubmed/11782134
https://doi.org/10.1021/ar020230d
https://www.ncbi.nlm.nih.gov/pubmed/12693923
https://doi.org/10.1021/ac60298a024
https://doi.org/10.1088/1742-6596/4/1/036
https://doi.org/10.1103/PhysRevLett.73.2436
https://www.ncbi.nlm.nih.gov/pubmed/10057059
https://doi.org/10.1002/cphc.202200722
https://www.ncbi.nlm.nih.gov/pubmed/36562329
https://doi.org/10.1039/b810189b
https://www.ncbi.nlm.nih.gov/pubmed/18989472
https://doi.org/10.1021/acs.jpclett.1c02980
https://doi.org/10.1063/1.456153
https://doi.org/10.1039/c0cp02730h
https://www.ncbi.nlm.nih.gov/pubmed/21666904
https://doi.org/10.1002/jcc.21600
https://www.ncbi.nlm.nih.gov/pubmed/20607691
https://doi.org/10.1088/0953-4075/40/24/007

	Introduction 
	Results and Discussion 
	Methodologies 
	Experimental Method 
	Theoretical Method 

	Conclusions 
	References

