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Abstract

The interactions of electrons with molecular systems under various conditions are essential

to interdisciplinary research fields extending over the fundamental and applied sciences. In
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particular, investigating electron-induced ionization and dissociation of molecules may shed
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light on the radiation damage to living cells, the physicochemical processes in interstellar
environments, and reaction mechanisms occurring in combustion or plasma. We have
therefore studied electron-induced ionization and dissociation of the gas phase 3,4-dihydro-
2H-pyran (DHP), a cyclic ether appearing to be a viable moiety for developing efficient
clinical pharmacokinetics and revealing the mechanisms of biofuel combustion. The mass
spectra in the m/z = 10-90 mass range were measured at several different energies of the
ionizing electron beam using mass spectrometry. The mass spectra of DHP at the same
energies were simulated using on-the-fly semi-classical molecular dynamics (MD) within the
framework of the QCxMS formalism. The MD settings were suitably adjusted until a good
agreement with the experimental mass spectra intensities was achieved, thus enabling a
reliable assignment of cations and unraveling the plausible fragmentation channels. Based
on the measurement of the absolute total ionization cross-section of DHP (18.1+0.9)x10%®
cm? at 100 eV energy, the absolute total and partial ionization cross-sections of DHP were
determined in the 5-140 eV electron energy. Moreover, a machine learning algorithm that
was trained with measured cross-sections from 25 different molecules was used to predict
the total ionization cross-section for DHP. Comparison of the machine learning simulation
with the measured data showed acceptable agreement, similar to that achieved in past

predictions of the algorithm.

1. Introduction

Apart from the positive impact on the natural human environment, the development
of civilization has brought many unfavorable changes over the past few decades. The
biological effects of chemization, environmental pollution, and the growing problem of

obesity (caused by decreased physical activity, processed foods, disruptors, stress, and
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depression) lead to spontaneous gene mutations and the growth of various cancers [1], [2].
The emergence of these factors, in turn, stimulates the development of medical methods.
For instance, significant advances in cancer therapies are being made in treatment
approaches employing different kinds of ionizing radiation (see, e.g., [3]-[6]). Radiation may
directly affect the cancerous cells at the molecular level, producing physical and chemical
alterations by excitations, ionizations, and bond cleavages in the DNA helix and surrounding
medium (DNA itself, water, and other nearby biomolecules) [7]. These modifications result
mainly from the interactions of the primary ionizing beams [7], [8]. However, the impact of
secondary particles, such as low-energy electrons, radicals, and ions, generated along the
incident track of the radiation [7], [8] cannot be neglected. In particular, the secondary free
electrons are responsible for initiating the processes relevant to the breakage of single and
double strands of DNA helix [4], [9], [10], [11]. Therefore, the interactions of electrons (e.g.,
[10]-[18]), photons (e.g., [19]-[28]), radicals [29], and ions (e.g., [30]-[41]) with the backbone
molecules of the DNA helix (deoxyribose sugar, nitrogen bases) and their analogs (such as
tetrahydrofuran, furan, isoxazole, pyrimidine, pyridine, pyrrole, etc.) have been extensively
investigated.

The mechanisms of radiation-induced damage to these molecules are complex and
have not yet been fully elucidated. The interdisciplinary surveys encompassing different
complexity levels, from the study of isolated gas-phase DNA building blocks to whole cells
and even organisms, are being used to unravel these mechanisms. The gas-phase
investigations provide information on the direct processes taking place at the lowest level of
complexity of the collisional system without the presence of a chemical environment. In
contrast, interactions closer to those occurring in the natural cell environment can be

studied in the liquid phase or using thin films.
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Depending on the type of cancer, patients may undergo additional treatment,
including targeted therapy, which uses molecularly targeted drugs to hinder the growth and
spread of specific cancer cells [42]. Combining radio- or hadron-therapy with proper drug
treatment can additionally inhibit the proliferation of cancer cells with less damage to
healthy cells and thus significantly improve survival rates [43]. This is because these
pharmaceuticals are molecularly targeted to tumor cells, making them more sensitive to
radiation [43]. In addition, the direct interaction of radiation on the accumulated drugs can
lead to their fragmentation, increasing the number of reactive species that interact with the
adjacent medium [43]. However, such anti-cancer therapy necessitates new oxygen-
enriched pharmaceutical compounds [44]. Accordingly, various radiosensitizers have been
developed to increase the effectiveness of radiotherapy itself; see, for example, [45] and
references therein. Nevertheless, the medicaments synthesized from dihydropyran
derivatives better meet the requirements of combined targeted therapies. Indeed,
anthracyclines, a class of drugs built on dihydropyran ring, are broad-spectrum antitumor
agents that induce, among other things, indirect damage to DNA via reactions involving
reactive oxygen species and are not as toxic as many other radiosensitizers [46].

Dihydropyran is a heterocyclic unsaturated oxine with the formula CsHgO. It consists
of two isomeric forms that differ by the location of the double bond. The 3,4-dihydro-2H-
pyran (DHP) ring (Figure 1) has an unsaturation adjacent to oxygen. The isomeric 3,6-
dihydro-2H-pyran has a methylene moiety incorporated between the oxygen and double

bond.
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Figure 1. The DHP molecule, CsHsO, showing the labeling of the atoms. Color code: The

carbon atom is gray, the oxygen atom is red, and the hydrogen atom is blue.

Although the dihydropyran ring exemplifies a promising scaffold in synthesizing new
medicines [46]-[49] as well as being incorporated into naturally occurring substances (e.g.,
green tea catechins [50]) and compounds of importance to the combustion chemistry of
oxygenated biofuels [51], very little is known about its interaction with different types of
radiation. Besides the electron-induced mass spectrometric investigation deciphering
primary reaction mechanisms in 29 cyclic ethers important in low-temperature combustion
performed by Koritzke et al. [52], measurements of fragmentation of DHP by electron impact
are non-existent. In the mentioned study [52], the mass spectrum of DHP was only
measured at 70 eV, and the processes leading to the formation of the most intensive m/z =
55 and 39 peaks were suggested. Furthermore, on the basis of experimental data on the
fragmentation of these ethers, especially oxanes, combined with an analysis of various
theoretical models, Koritzke et al. [52] proposed oxygen O(1) as the site most susceptible to
electron removal. It was also suggested that the carbon site C(3) is prone to ionization. The
parent cations of DHP may then undergo two major decomposition pathways. A

transannular cleavage of O(1)-C(6) and C(2)=C(3) occurring across the DHP ring in a single
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step may lead to the production of the m/z = 55 fragment. The second pathway may start
from inductive cleavage (initiated from the charge site), followed by the open ring structure
rearrangement, and the allene (corresponding to the m/z = 39 cation) detachment via the
radical-site initiated fragmentation (i.e., a-cleavage).

In the present work, the electron-induced dissociative ionization of the isomeric 3,4-
dihydro-2H-pyran molecule has been experimentally and theoretically investigated for the
first time. In particular, we have recorded the mass spectra in the m/z = 10-90 mass range
for several electron energies using a quadrupole mass spectrometer. Then, we used
theoretical molecular dynamics calculations to identify and interpret the observed spectral
features and unravel possible fragmentation mechanisms. We have also determined the
total and partial ionization cross-sections (o) of 41 cations in the energy range from their
respective appearance energies (Ety) to 140 eV. To complete the above results, we have

performed machine learning simulations predicting total ionization cross-sections.

2. Experimental Method

The experiment was performed using electron impact mass spectrometry (EIMS) at
the Laboratory of Complex Systems Spectroscopy (Fahrenheit Universities' core lab) of the
Gdansk University of Technology. The apparatus and measuring methodology were
presented earlier (e.g., [53], [54]). Thus, only a summary connected with DHP details is given
here. A more detailed description of experimental procedures and conditions is presented in
the supplementary material.

Briefly, the EPIC 300 (Hiden Analytical Ltd.) mass spectrometer involved an internal
electron gun as the ionization source, the ion extractor, focusing electrodes, and energy

filter electrodes installed in front of the quadrupole mass filter. The ionization region was
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surrounded by the cage with positive voltages. It allowed extracting electrons from the
source. The extracted electrons were formed in the beam via focusing electrodes. The
electron beam current was usually 0.3 or 30 pA. Then, the incident electron beam collided
with the effusive beam of 3,4-dihydro-2H-pyran delivered into the collision region by a
narrow stainless steel capillary. During the collisions, the DHP target was ionized and
decomposed. The charged products were extracted from the colliding region by an electrode
at -200 V potential directed through the mass filter to the ion detector mounted at the end
of the quadrupole electrodes. The extraction efficiency of the spectrometer was checked to
be reasonably constant in the mass region from about m/z = 10-120 as deduced from
measurements of the mass spectra in CO; [53] and CCls [55]. From the retardation curves
measured by increasing the positive voltage of the filter electrode, the initial kinetic energies
of the fragment cations were estimated. The analysis performed for several different
molecules showed that lighter cations (such as m/z = 26) had an energy of not more than 0.5
eV, whereas heavier cationic species (such as m/z = 55) had an energy much less than 0.5 eV.
The mass resolution of the spectrometer was derived from the measured spectra to be
about one Dalton (u).

The spectrometer operated in two regimes. In the first regime, the mass spectra were
collected in the m/z = 10-90 mass range at the fixed electron beam energies. In the second
one, the spectrometer was set up on a particular mass peak, and its intensity was measured
at the 5-140 eV energy range. These measurements were performed with the 1 eV energy
steps. As a result, the cation yield curves were obtained. The appearance energies of the
cation fragments were then obtained from their cation yield curves measured in narrow
energy regions around the expected positions of these thresholds. In these determinations,

the energy steps were typically much smaller than 1 eV. Each cation yield curve was
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determined several times for different pressures, currents, and recording times. The energy
scale was calibrated in relation to the known Ar* ionization threshold (15.759+0.001 eV [56])
with an accuracy of £0.015 eV. In addition, the energy dispersion distribution of the electron
beam was estimated to be 600 meV from the Ar* yield measured just above its appearance
energy.

The base pressure in the spectrometer's vacuum chamber was kept at 10 mbar. The
vacuum was achieved using a 70 |/sec turbomolecular pump. The operating pressure with
DHP vapors in the collision cell was set at 1-3x10® mbar. However, during cross-section
determinations, we extended the pressure range from 5.7x107 mbar to 4.2x10° mbar.
Throughout the measurements, care was taken to maintain linear dependence between the
detected cation signal and the target gas pressure. The cation signal was linear as a function
of the DHP gas pressure up to 6x107° mbar. Preserving the state of linearity between these
parameters is very important because it indicates the conditions of a single collision regime.

The liquid 3,4-dihydro-2H-pyran had a purity of 97% and was procured from Sigma
Aldrich, Poland [57]. At the beginning of the experiment, the DHP sample was degassed
several times in a stainless steel container under a vacuum to remove residual vapors. The
measurements were performed at room temperature because of the high enough vapor
pressure of DHP, ca. 74.440.1 mmHg at 25 °C [58]. However, the whole spectrometer
(particularly the vacuum chamber and valves) was slightly heated to avoid DHP
condensation. Special care was taken to maintain the highest possible purity of each piece of
equipment (for more information, see supplementary material). Moreover, special care was
taken to ensure that the apparatus was completely sealed. Possible leakage of the gas

system could affect the intensity of the peak m/z = 28 due to a possible contribution from
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N,*. The absence of a peak intensity of m/z = 32 from the second air component (O3)

indicated that there was no leakage.

3. Theoretical methods
3.1. Molecular dynamics computations

The mass spectra of DHP at several different energies of the ionizing electron beam
were simulated in the framework of the QCxMS method [59], [60]. The full technical details
of QCxMS are given elsewhere [59], so here, we provide only a brief overview and relevant
data for reproducing the present simulations. The basic principle of the method is the use of
on-the-fly semi-classical molecular dynamics (MD) simulations with statistical initial
conditions harsh enough to induce unimolecular fragmentation of the ionized molecule over
several picoseconds MD duration time. The initial nuclear positions and velocities are
sampled using random snapshots taken from a ground-state MD trajectory (the NVE
ensemble). This preliminary MD run was propagated for 50 ps using the low-cost
semiempirical tight-binding GFN-xTB method [61], [62]. To next simulate the process of the
internal conversion from the initially highly excited state of the molecular ion to the ground
state, the nuclear kinetic energies are scaled during the initial MD steps (the so-called
heating phase) up to a preset value of the impact excess energy per atom (IEE). The heating
time, here typically around 1.1 ps, depends explicitly on the ionized MO level and is an
exponential function of the entire MO spectrum [59], here computed with GFN-xTB [61],
[62]. Under these MD conditions, we propagated 1000 trajectories, each followed for up to 5
ps, using GFN-xTB for on-the-fly evaluation of energies and forces [61], [62]. This number of

runs yielded sensibly converged mass spectra while still keeping the simulations feasible. For
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the main MD runs, we additionally tested the ab initio PBEO/def2-SVP method [63], [64],
although this was doable only with significantly fewer trajectories (250).

After the program detects that fragmentation has occurred along some MD
trajectory, it assigns statistical charges to averaged structures of the fragments as a function
of their ionization potential and internal temperature. The ionization potentials were
computed at the spin-unrestricted APBEO/def2-SVP [63], [64] level combined with the DFT-
D4 scheme [65] for the dispersion correction. This procedure determines the probability of
detecting a singly positively charged fragment in a given MD run in accordance with
Stevenson's rule for competing fragmentations. The positions and intensities of the spectral
lines are finally obtained by counting over all the detected fragments and taking into account
the natural abundances of their isotopomers. The specific values of the adjustable
parameters, viz., the impact energy of the electron beam (Eimp), the initial temperature of
the vaporized DHP substrate (Tinit), and the IEE used to simulate the mass spectra, are
discussed in the Results section. The initial structure of the DHP molecule was obtained from
the gas-phase MP2/cc-pVTZ optimization (the corresponding Cartesian coordinates and
harmonic vibrational frequencies are given in the Supplementary Material). In all the
simulations, the QCxMS program [59], version 5.2.1, was used and interfaced with the Orca

5.0.4 quantum chemistry suite [66], [67].

3.2. Machine learning simulations
The ionization cross section of DHP was estimated using a machine learning (ML) algorithm
that was trained with measured ionization cross sections [68]. The full technical details of
the ML algorithm are given elsewhere [68], and only a brief summary is provided here. A 3-

layer, fully-connected, feed-forward network was trained using published experimental

10


http://mostwiedzy.pl

datasets for 25 independent molecular targets. The network input was the target's chemical
formula and the output was the total ionization cross-section as a function of projectile
energy between 25 eV and 100 eV. The network was trained for 400,000 epochs, after which
it was used to make a prediction of the total ionization cross-section for DHP. Extensive
testing of the network and machine learning algorithm was previously performed, including
the effects of different network structures, the number and identity of training molecules,
and the number of epochs. This testing showed that the network's predictions for cross-
sections of many different molecular targets were typically within 30% of the measured
cross-section values and, in many cases, were within 10% of measured values. The chosen
structure, number of training molecules, and number of epochs maximized the efficiency of
the network while not sacrificing accuracy. The fully trained ML network of [68] was used to
predict the DHP cross sections, and similar accuracy to that of [68] is observed here.
Implementation of the network for prediction of the DHP cross-section took less than a

second on a laptop computer, making the simulation highly efficient.

4. Results and discussion
4.1. Mass spectra of DHP
In order to identify the fragmentation processes and their products, the mass spectra
of DHP were first measured with good statistics in the m/z = 10-90 mass range at the fixed
electron energies of 12.5, 20, 25.5, 35, 70, and 100 eV. The original mass spectra are given in
Figure S1 of the Supplementary Material. Here, the normalized mass spectra of DHP
measured only at two electron energies of 12.5 and 100 eV are presented in Figures 2a and

2b, together with the assignments of the most intense mass peaks. These mass spectra were

11
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corrected for the base background obtained by cutting off the DHP vapors (for background
determinations, see supplementary material).

The present spectra can be compared with previous electron-impact study. Our mass
spectra of DHP measured at 70 and 100 eV agree with the mass spectrum measured at 70 eV
in the studies on low-temperature combustion performed by Koritzke et al. [52]. A low
energy mass spectrum (shown in Figure S1 of the Supplementary Material) can also be
compared with a preliminary study on the synchrotron radiation-induced DHP dissociation at
25.5 eV [69]. The photon-induced fragmentation spectrum shows a pattern similar to the
mass spectrum obtained at the same electron energy. However, exposure to photons caused
more severe fragmentation of the DHP parent cation than collisions with electrons, thus
producing higher abundances of the low-mass fragments [69].

The theoretical mass spectra calculations were performed to interpret experimental
spectral structures. Simulating and interpreting mass spectra through the QCxMS code has
stirred significant interest due to its attractive combination of efficiency and accuracy [70],
[71]. In the following, we discuss the performance of QCxMS in predicting the mass spectra
of DHP at various energies of the electron beam. In particular, in-silico mass spectra after
electron-impact ionization of DHP obtained from these MD simulations are shown in Figures
S2-S4 of the Supplementary Material. Only the spectra directly corresponding to the
measured spectra shown in Figures 2a and 2b are here shown in Figures 2c and 2d. The
assignments of major cations and relative abundances of the mass peaks obtained from their
intensities at 100 eV are listed in Table 1. Theoretically, dihydropyran can have several
possible isobar cations at some observed masses. The assignments and percentages of all
cations obtained from ab initio MD simulations (1000 runs) are listed in Table S1 in the

Supplementary Material. The possible isobar cations can be formed in two ways. Firstly,

12
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some isobars may come from different fragmentation pathways (e.g., CsHe* and CoH,0* at
m/z = 42). Secondly, some isobar cations contain minor contributions from lower-mass ions
because the natural composition of individual elements consists of small admixtures from
the heavier isotopes (e.g., C3HsO* and C;H40*3C* at m/z = 57). One can notice that both types
of isobars often contribute to the intensity of a given mass peak, but at most masses, only
one ion is dominant. Thus, the cations in Table 1 are chosen among the possible most
intensive isobar cations. Moreover, only those fragmentation processes leading to the most

abundant isobar are discussed in most cases.
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Figure 2. The normalized mass spectrum of the cations of DHP measured at the electron
energy of a) 12.5 eV and b) 100 eV. The cation distribution obtained in the MD simulations

for impact energy of c) 14 eV and d) 100 eV.

TABLE 1. The experimental (/rel) and theoretical (lrei™) relative intensities (in %) of cations

obtained from DHP fragmentation at the electron energy of 100 eV. The most probable

13
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assignments of significant cations and their percentages (in %) from MD simulations (1000

runs) are also given.

Mass (u) lreat E=100eV  [re™ at £=100 eV Cation assignment Cation percentage
14 1.8 5.2 CHy* 100
15 2.8 7.5 CHs* 99.2
16 <1 - O*/CH4* -
25 1.6 - CoH* -
26 14.7 5.6 CoHy* 100
27 46.2 62.3 CoHs* 99.8
28 56.3 78.2 CoHs* 98.3
29 49.4 49.4 C,Hs* / HCO* 20.1/77.1
30 1.6 9.2 H.CO* 91.4
31 2.2 4.8 HsCO* 95.4
36 <1 - Cs* -
37 1.6 - CsH* -
38 2.6 3.7 C3Hy* 100
39 28.4 18.8 C3Hs* 99.3
40 6.8 31.0 C3Hs* 98
41 25.5 22.7 C3Hs* 90.9
42 5.0 15.6 CsHe" / CoH,0* 49.9/47.5
43 6.4 12.4 CsH7*/ CoH30* 10.5/83.5
44 1.8 8.1 C2H40" 95.7
45 1.5 2.9 C2HsO* 93.1
49 <1 - C4H* -
50 3.5 - CsHo* -
51 3.5 1 C4Hs* 100
52 1.5 12.4 CaHa* 99.6
53 11.4 17.4 CaHs* 96.8
54 25.5 26.5 CsHe*/ C3H,0* 66.3/31.7
55 100.0 27.6 CsH7*/ C3H30* 29.1/67
56 26.8 100.0 C3H4O" 97.8
57 9.4 14.3 C3HsO* /CoH,OC*  80.1/18.8
58 <1 5.5 C3HeO* /CoHsOC* 88.1/7.7
65 13 <1 CsHs* 94.6
66 1.1 1.6 C4H,0%/ CsHe* 32.9/65.3
67 <1 7.2 CsH30* 98.3
68 <1 10.0 C4H4O" 96.9
69 9.6 6.1 C4HsO* 92.7
70 <1 2.9 C4sHeO*/C3HsO3C*  90.5/8.4
80 - 3.9 CsH4O" 100
81 <1 40.4 CsHsO* 99.5
82 <1 17.1 CsHeO'/C4sHsO3C*  88.3/11.5
83 233 45.1 CsH,0* 97.7
84 52.9 57.5 CsHsO* 95.8
85 53 3.1 13CC4HsO * 93.2

14
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Firstly, we note that all the recorded signals appear in the simulated spectra (but the
tables do not list the cations with too low intensities). However, there are notable
discrepancies between the measured and predicted intensities that seemingly cannot be
rectified in full within the QCxMS approach. We evaluate the performance based on a
comparison of intensities between signals belonging to different groups of near-lying peaks
("inter-group") and the intensities within a given group ("intra-group").

Figure 2 shows that the inter-group intensities can be reproduced rather well upon
choosing appropriate program settings. Thus, the simulation of the spectrum at the 100 eV
beam energy correctly predicts the ordering of the six main groups of peaks by decreasing
intensities: (1) m/z = 49-58; (2) m/z = 25-31; (3) m/z = 80-85 (containing the molecular ion at
m/z = 84); (4) m/z = 36-45; (5) m/z = 65-70; and (6) m/z = 14-16.

For an optimal reproduction of the measured spectra, we found it beneficial to
accompany the increasing Eimp energies with a suitable increase in the Tt and IEE
parameters. For example, the values of Tinit and IEE used to simulate the 100 eV spectrum
(Figure 2d) were increased to 700 K and 1.0 eV/atom from the default values of 500 K and
0.6 eV/atom. Interestingly, the earlier GFN-xTB Hamiltonian used for the MD runs produced
somewhat better spectra than the GFN2-xTB [72], although the differences between the two
are not large.

However, such adjustments only bring about comparatively minor improvements.
The most considerable improvement, contributing crucially to the well-predicted inter-group
intensities, comes from completely suppressing the secondary fragmentation (i.e., setting
the maxsec parameter to 0). In this way, possible further fragmentation of the primary

fragments is not followed, and the distribution of the fragments appears to be statistical.
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Neglecting the secondary fragmentation can finally render the correct ordering by the
intensity of the m/z = 56, 28, and 84 signals, although precise reasons for this are not
entirely clear. One hint is that the strongest signals at m/z = 55 and 56 are mostly due to the
relatively fragile C3H30* and CsH4O* fragments (compared, e.g., to the very robust C;Hs* at
m/z = 28), and so preventing the secondary fragmentation is beneficial for boosting their
signals.

Note that Wang et al. [71] have recently shown that 37% of experimentally observed
ions of several small molecules have no counterpart in the theoretical predictions because
non-statistical rearrangement reactions leading to them were not recognized in the theory.
In contrast, the interaction of DHP with electrons most likely leads to a non-statistical
fragmentation of its ring, resulting in much more reactive fragments with a different
intensity distribution than statistical fragmentation [73], [74]. This has been recently
observed in the ionic impact with some simple hydrocarbons [75] and heterocyclic molecules
[35], [37], [76], as well as collisions of heterocyclic molecules with VUV photons [26], [28].

The mass spectrum recorded in the vicinity of the ionization thresholds (at 12.5 eV) is
also reproduced well (compare Figures 2a and 2c). The small value of Eimp (14 eV) was here
accompanied by the suitably smaller IEE and Tinit parameters of 0.15 eV and 200 K while
again suppressing the secondary fragmentation.

On the other hand, much more significant discrepancies are seen with the intra-
group intensities. These turned out to be persistent incorrigible errors, which make it
meaningless to compare the predictions against the detailed intra-group ionization cross-
sections (Figure S5). We still note that, upon passing the ionization threshold, the predicted
spectra vary only little with the increase in the Einp parameter, which is in line with the wide

plateaus and mild changes seen in the partial cross-section plots.
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The most important of the intra-group discrepancies is the assignment of the highest
intensity signal to m/z = 56 instead of the observed m/z = 55. The corresponding dominating
fragments differ by one H atom, which indicates that the incidence of the C—H bond scissions
is significantly underestimated in the CsH40* fragment. We note that this particular case of
switched intensities cannot be rectified by allowing for secondary fragmentation. Moreover,
despite the reduced number of the MD trajectories and consequently poorer statistics, we
can also infer that the intra-group intensities cannot be improved by resorting to the ab
initio (PBEO/def2-SVP) MD simulations. On the contrary, besides the still present m/z =
55/56 intensity switch, the molecular ion becomes erroneously attenuated (Figure S2). Thus,
the huge computational cost of the KS-DFT MD, even for a comparatively small organic
molecule such as DHP (10 days on 60 processors for the 250 runs), is not at all warranted.

Moreover, the m/z = 28 signal is regularly erroneously predicted as too intense
compared to the m/z = 55/56 (Figure 2). Consequently, we wanted to test if such
discrepancies could be caused by less reliable assignment of charges to this (and possibly
other) co-fragment pairs. To this end, we tried other density functionals, viz. B3LYP [77],
MO06-2X [78], and CAM-B3LYP [79] in place of PBEO [63] for obtaining the ionization
potentials in the ADFT step. However, neither one of these functionals led to appreciable
improvements for the inter-group intensities. Enlarging the basis set up to def2-TZVP was

similarly found to be ineffective.

4.2, Absolute total and partial ionization cross-sections
In the second part of this work, the absolute total and partial electron ionization
cross-sections of DHP were obtained. In these determinations, we used the mass spectra

measured at 100 eV, the cation yield curves, and the relative flow technique [80] that
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utilized the comparison of the intensity ratios of the ions from DHP to Ar* performed under
identical experimental conditions of these products, thus giving the cross-sections relative to
those for electron impact ionization of argon [81]. This method was previously successfully
applied to determine absolute total and partial cross-sections for electron-impact ionization
[80] and excitation [82] of the DNA bases.

In order to obtain the absolute total electron ionization cross-sections of DHP, the
electron beam energy was kept constant at 100 eV. We maintained several pressures of the
parent cation of DHP and Ar* in the range of (0.6-4.2)x10® mbar at this energy. The
intensities of the m/z = 84 and m/z = 40 peaks of DHP and argon, respectively, were
measured several times for different currents and recording times for each such pressure. In
particular, argon measurements were performed immediately before and after each DHP
run. Next, each intensity was normalized to electron beam current (in pA) and acquisition
time (minute). The normalized intensities obtained for both targets were plotted as a
function of pressure (see Figure 3). These dependencies are linear, thus indicating that
molecular flow has been achieved over the pressure range studied. According to equation
(2) in [80], a direct comparison of the slopes of the solid lines fitted to these experimental
data points gives a relative level of the cross-sections. We obtained the o= (177+9)x10*®
cm? cross-section for the production of the parent cation of DHP by using the standard cross-
section of (251+£13)x107'8 cm? [81] measured for Ar* at an incident electron energy of 100
eV. The error consists of the errors in the Ar* absolute cross-section determination [81],
present experimental uncertainties, and the computed uncertainties involved in linear

regression.
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Figure 3. The normalized intensities of the m/z = 84 peak of DHP and m/z = 40 of argon

versus pressures of these targets. The solid lines represent the best fittings.

The absolute total ionization cross-section at the 100 eV energy was found to be
(18.1+£0.9)x10%® cm?, and it was calculated from the ratio of the m/z = 84 peak intensity to
the total intensity in the mass spectrum at an energy of 100 eV. This absolute total cross-
section does not include contributions from H* and H,* cations, which were omitted due to
the difficulty of testing quadrupole transmission in this mass range. We have estimated that
the contribution of both peaks to the absolute total cross-section is noticeable above an
energy of 100 eV. Indeed, at an energy level of 70 eV, the contribution is 0.5 percent. The
contribution is 2.1 and 2.6% at 100 eV and 140 eV, respectively. The effect of the
underestimation of these peaks is, therefore, within the limits of the uncertainties.

Calculating the intensities of the other fragments (from the mass spectrum measured
at 100 eV) relative to the total intensity allowed each cation to be placed on the absolute
scale. All these ionization cross-sections obtained at the 100 eV energy are shown in Figure 4

and listed in Table 2.
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TABLE 2. The obtained ionization cross-sections (o100 ev) for producing the cations measured
at 100 eV electron energy. The appearance energies Ety (in eV) of the cations observed in

the fragmentation of the DHP molecule after electron impact are also listed. The values in
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brackets represent the determined uncertainties.

Mass (u)  o100ev X108 (cm?) Ety (eV)
14 6.0 (0.3) 14.2 (0.6)
15 9.3 (0.5) 14.1 (0.1)
16 1.6 (0.1) 13.44 (0.05)
25 5.3(0.3) 17.5 (0.1)
26 49 (2) 13.75 (0.03)
27 154 (8) 15.7 (0.1)
28 188 (9) 12.5 (0.3)
29 165 (8) 13.5 (0.2)
30 5.4 (0.3) 11.2 (0.9)
31 7.4 (0.4) 14.4 (0.3)
36 0.9 (0.1) 12.9 (0.9)
37 5.3(0.3) 17.5 (0.5)
38 8.6 (0.4) 15.6 (0.1)
39 95 (5) 13.0 (0.2)
40 23 (1) 10.6 (0.3)
41 85 (4) 10.6 (0.2)
42 16.9 (0.8) 11.3 (0.5)
43 21 (1) 10.38 (0.04)
44 6.0 (0.3) 11.14 (0.07)
45 5.1(0.3) 10.7 (0.3)
49 2.5(0.1) 16.9 (0.1)
50 11.6 (0.6) 10.42 (0.08)
51 11.7 (0.6) 11.0 (0.2)
52 4.9 (0.3) 9.8 (0.1)
53 38 (2) 13.5 (0.1)
54 85 (4) 10.9 (0.3)
55 330 (20) 11.6 (0.1)
56 90 (4) 11.0 (0.2)
57 32 (2) 11.61 (0.06)
58 1.7 (0.1)

65 43(0.2) 12.66 (0.05)

66 3.7(0.2) 11.3 (0.1)

67 2.0(0.1)

68 1.2 (0.1) 10.0 (0.8)

69 32 (2) 10.09 (0.03)

70 1.6 (0.1)

81 2.5(0.1) 10.6 (0.3)

82 0.8 (0.1)

83 78 (4) 10.95 (0.05)
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84 177 (9) 8.81 (0.03)
85 18 (1) 8.72 (0.03)
86 2.1(0.1)

DHP
3 £~ 100 eV
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Figure 4. The ionization cross-sections (o) at 100 eV as a function of cations' masses.

Electron impact ionization of DHP generates the parent ions and thirty-seven
fragment cations with cross-sections larger than 10718 cm? at 100 eV (see Table 2). For most
of them, we could measure cation yield curves in the energy range from their respective
thresholds to 140 eV. These yields were next put on the absolute cross-section scale using
the ionization cross-section values at 100 eV (0100 ev) presented in Table 2. The partial
ionization cross-sections of some example cations, namely CsHsO* (84 u), CsH;0* (83 u),
C4HsO* (69 u), C4H7*/C3H30" (55 u), and CoHs™ (28 u) measured in the 5-140 eV energy range
are displayed in Figure 5. The partial ionization cross-sections of all cations are shown in
Figure S5 of the Supplemental Material. Generally, the cross-section curves rise quickly
above the thresholds up to maximal values, and then, depending on the cation, they reach
the plateau or decrease slightly. As seen from these figures, the production of parent cation
CsHgO* governs the dissociative ionization of DHP in the energy range of 9.8-18 eV. Above 18

eV, m/z = 55 cation generation becomes the major fragmentation channel.
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Figure 5. The partial ionization cross sections for some characteristic cations of DHP
measured in the electron energy range of 5-140 eV.
The sum of all partial cross-section curves gave the energy dependence of the total
ionization cross-sections displayed in Figure 6 and listed in Table 3. The cross-section at 100
eV is one percent lower than (18.1+0.9)x101® cm? most likely due to the absence of partial

cross-section curves for fragments of negligible intensity in this summation.
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Figure 6. Total ionization cross-sections of DHP measured in the electron energy range 5-140
eV in the present measurements (circles) and calculated using machine learning simulations

(crosshairs).
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Because of the lack of cross-section determinations involving DHP molecules that
have been studied, no direct comparison could be made to literature data. Present
experimental total ionization cross-sections may be, however, compared with electron-
induced total ionization cross-sections for similar six-membered rings of pyridine [83],
pyridazine [55], and pyrimidine [84]. The comparison is somewhat rough because these
molecules contain nitrogen heteroatoms in their structures instead of oxygen and thus are
characterized by different nuclear and electronic complexity. Nevertheless, these results
may shed light on the general trends in the current curve and the order of magnitude of
present cross-sections. Particularly, the cross-section curves obtained for all these molecules
do not rise as rapidly as the total cross-section curve of DHP. They have lower values than
the present ones, but the order of magnitude of these cross-sections is the same as our
results. Indeed, the total cross-section curve shown in Figure 6 reaches a maximum of
18.6x101% cm? at 67 eV. In contrast, the highest ionization cross-sections of pyridine and
pyridazine appear at about 90 eV and are equal to 15x10%¢ cm? [83] and 12.7x10%® cm? [55],
respectively. The maximum value of the pyrimidine ionization cross-section appears at 85 eV
but is twice as low as a result obtained for DHP [84].

In the next step of our studies, we performed machine learning calculations to check
the present observations. The results of these simulations performed in the 25-100 eV
energy range are presented in Figure 6 and provided in Table 3. In Table 3, we only listed the
cross-sections calculated for measured energies and omitted the results simulated for any
others. The agreement between prediction and experiment is satisfactory. The ML
simulations underestimate the experimental cross-sections at lower electron energies by
about 46%. This underevaluation decreases gradually, and it reaches 25% at 100 eV. The

machine-learning model recently predicted ionization cross-sections for various molecular
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targets, including ring structure heterocycles, such as pyridine, pyrimidine, and nucleotide
bases (see Ref. [68]). ML simulations underestimated the experiment by about 29% for
pyridine, but for pyrimidine, they, in contrast, overestimated the experiment by 13% at 100
eV [68].

The shape and magnitude of the predicted ML cross-sections are dependent on the
cross-sections used to train the network. Because the network was trained to associate the
cross section (network output) with the chemical formula of the molecular target (network
input), its predictions for unseen molecules will resemble those of molecules with similar
chemical formulas. Here, the ML-predicted DHP cross-section does not show a maximum as
is observed in the measured cross-section. This is likely due to the fact that only one of the
network training datasets (ethanol) exhibited a maximum in the cross-section at less than
100 eV. Because the other training datasets, including those for molecules with chemical
formulas similar to DHP, did not have a maximum at less than 100 eV, the algorithm was
unable to predict the maximum in the DHP cross-section.

Similarly, the cross sections for molecules with similar chemical formulas to DHP (e.g.,
butanone, C4HgO or pentan-2-one, CsH100) have smaller magnitudes than that measured for
DHP. This causes the algorithm to underestimate the DHP magnitude. We note that no
cross-sections for ring molecules (such as pyridine or pyrimidine) were included in the
training data for the network. However, including these molecules in the algorithm's training
is unlikely to have significantly improved the prediction of the location of the DHP cross-
section maximum since these molecules exhibit maxima near 90 eV, unlike at 67 eV for DHP.
The inclusion of ring molecules in the training datasets is also unlikely to have improved the
prediction of the magnitude of the DHP cross-sections since the algorithm's prediction for

DHP already falls between the maximum cross-section for pyridine and pyrimidine.
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As noted above, pyridine, pyrimidine, and DHP have similar structures but different
nuclear constituents. Yet, their cross-sections exhibit different magnitudes and maxima
locations, indicating that the nuclear composition of the molecule influences the ionization
cross-section. In contrast, the ML algorithm includes the nuclear composition of the
molecule but not its molecular structure and likewise predicts ionization cross-sections with
different magnitudes and maxima locations. Combined, this underscores the need to
account for both the nuclear composition and the structure of the molecule in theoretical

simulations.

TABLE 3. Experimental (o) and simulated (owm:) total ionization cross-sections of DHP

obtained in the electron energy range of 8-140 eV.

E(eV) ox10'® oux10 | E(eV) ox10'® opx101® | E(eV) ox10% opx101e
(cm?) (cm?) (cm?) (cm?) (cm?) (cm?)

8 0.0 53 18.3 98 18.0

9 0.001 54 18.3 99 17.9

10 0.08 55 18.4 11.9 100 17.9 13.4
11 0.36 56 18.4 101 17.9

12 0.9 57 18.4 102 17.8

13 1.6 58 18.5 12.1 103 17.8

14 2.6 59 18.5 104 17.8

15 3.7 60 18.5 105 17.8

16 4.8 61 18.5 12.3 106 17.7

17 5.9 62 18.5 107 17.7

18 6.9 63 18.6 108 17.7

19 7.9 64 18.6 12.5 109 17.6

20 8.8 65 18.6 110 17.6

21 9.7 66 18.6 111 17.6

22 10.5 67 18.6 12.7 112 17.6

23 11.2 68 18.6 113 17.6

24 11.8 69 18.6 114 17.5

25 12.4 6.6 70 18.6 12.9 115 17.5

26 13.0 71 18.6 116 17.5

27 13.5 72 18.6 117 17.5

28 13.9 7.5 73 18.6 13.0 118 17.4
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29 14.3 74 18.6 119 17.4
30 14.7 75 18.5 120 17.4
31 15.1 8.3 76 18.5 13.1 121 17.4
32 15.4 77 18.5 122 17.3
33 15.7 78 18.5 123 17.3
34 16.0 9.0 79 18.5 13.2 124 17.3
35 16.2 80 18.5 125 17.3
36 16.4 81 18.4 126 17.2
37 16.6 9.8 82 18.4 13.3 127 17.2
38 16.8 83 18.4 128 17.2
39 17.0 84 18.4 129 17.2
40 17.2 10.3 85 18.3 13.3 130 17.2
41 17.3 86 18.3 131 17.1
42 17.5 87 18.3 132 17.1
43 17.6 10.6 88 18.3 13.4 133 17.1
44 17.7 89 18.2 134 17.1
45 17.8 90 18.2 135 17.1
46 17.9 11.0 91 18.2 13.4 136 17.0
47 18.0 92 18.2 137 17.0
48 18.0 93 18.1 138 17.0
49 18.1 11.4 94 18.1 13.4 139 17.0
50 18.2 95 18.0 140 17.0
51 18.2 96 18.0

52 18.3 11.6 97 18.0 13.5

4.3. Appearance energies

During determinations of the cross-section curves, we performed more detailed
measurements close to the expected thresholds of identified cations to obtain their
appearance energies (Ery). Specifically, each threshold energy was obtained by fitting a
modified Wannier function [85] to experimental points employing the "ThreSpect" code
[86], which is available in the Most Wiedzy Open Research Data Catalog (i.e., the Gdansk
University of Technology Bridge of Knowledge repository) [87]. This procedure has recently
been successfully applied to get the appearance energies of cations produced in electron-
induced single ionization and fragmentation of pyridine [54] as well as two-body dissociation

channels detected in the photo-double-ionization of the isoxazole molecules [23].
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All the fittings to the near-threshold cross-sections of identified cations are tabularized
in Table S2 of the Supplemental Material. Here, only some example patterns of such
experimental and fitted curves are shown in Figure 7. The obtained E7y of DHP cations and
their uncertainties are given in Table 2. Although our MD calculations suggest the possibility
of producing several isobar cations at some observed masses (see Table S1 of the
Supplemental Material), our cross-section curves do not show additional thresholds at
higher electron energies.

Because works concerning electron-induced ionization studies of DHP are scarce, no
direct comparison can be made to the literature data. Our results can only be compared with
ionization energy referenced by NIST [56]. Because our ionization energy was derived from
the fittings to the cross-section curves of the m/z = 84 and 85 cations, we calculated a
weighted mean value of these results equal to 8.76 (0.02) eV. This value is 0.41 eV higher
than the recommended value of 8.35 (0.01) eV, which was evaluated by NIST [56] from four

literature results [88]-[91] determined by photoelectron and photoionization techniques.
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Figure 7. The cross-sections measured near the expected threshold regions (black points).
The solid red lines display the best fittings to the experimental data. The vertical blue bars

represent the positions of the Ety energies.

4.4. Fragmentation channels
The observed fragmentation mechanisms may be complex, considering the high amount of
energy deposited into a molecule during energetic collisions. It is well-known that molecules
may distribute the absorbed energy into several degrees of freedom and thus may not decay
by simple bond rupture but may be subjected to substantial rearrangement deformation of
the bond structure via isomerization. Subsequently, isomerization may lead to the opening
of new reaction channels, which frequently include dissociation. Such processes have been
demonstrated for several five- and six-membered heterocyclic molecules (for example,

isoxazole [28], furan [76], tetrahydrofuran [92], or pyridine [26],[37]) and, as the calculations

28


http://mostwiedzy.pl

show, may also appear in the DHP dissociation. The possible fragmentation pathways

leading to fragments within each group of peaks are discussed below.

4.4.1. Fragments with m/z = 80-85

The heaviest group is formed by the parent cations m/z = 84 and 85, and one ionic
fragment m/z = 83, generated by a single dehydrogenation of the DHP parent cation. As seen
in Table 2, the CsH;O* is not the first cationic fragment to arise. Thus, the hydrogen
elimination, which preferentially produces the a-radical with the radical site on the C(6)
carbon atom, is not such a simple rupture, but it likely involves a DHP ring opening and the
migration of the hydrogen atoms before H abstraction. The studies on tetrahydropyran
fragmentation suggest that such an a-radical is also prone to ring-opening due to low C-O
bond energy (3.7 kcal/mol) [51].

The MD simulations show that m/z = 84 and 83 are indeed the strongest, but
contrary to the experiment, calculations additionally predicted intensive cations with masses
m/z = 82, 81, and 80 corresponding to CsHsO*, CsHsO*, and CsH4O", respectively. This result
may suggest the possibility of DHP fragmentation via the shake-off dehydrogenation
mechanism. Very recently, such a reaction has been observed experimentally in the
electron-induced dissociative ionization of pyridine, the six-membered heterocyclic molecule
containing nitrogen instead of the oxygen atom [54]. This mechanism occurs via the
sequential abstraction of hydrogen atoms from the parent cation or its fragmentation
products as far as they can form cyclic stable structures [54]. The minor intensities of m/z =
80-82 peaks in experimental mass spectra (see Table 1) may suggest that the DHP parent ion
cannot form such resonance structures and undergoes rapid decomposition immediately

after sequential dehydrogenation. Pyridine could form such structures because three C=C

29


http://mostwiedzy.pl

A\ MOST

bonds stabilize its ring. DHP has only one C=C bond in its cyclic structure (Figure 1), and its

five single bonds are vulnerable to ruptures.

4.4.2. Fragments with m/z = 65-70

The differences in the two spectra shown in Figure 2 for the second heaviest group
are slightly different than for the m/z = 80-85 cation group. Apart from the m/z = 69 peak, all
other cations of this group have negligibly low intensities on the measured mass spectrum
(see Table 1 and Figure 2). On the contrary, theoretical intensities vary from 1.6 to 10%, with
the maximum at m/z = 68.

The fragments with m/z = 68 and 69 masses appear at the lowest energies among
those with m/z = 65-70. The appearance energies of these cations lie around 10 eV (Table 2).
The cross-section for the formation of the most intense fragment, m/z = 69, is an order of
magnitude higher than that of the other fragments in this group. The formation of the m/z =
69 cation requires the opening of the DHP ring by cleavage of the O(1)-C(6) single bond,
hydrogen migration to C(6), and rupture of the C(5)-C(6) bond, leading to the final reaction
products:
e + CsHgO* — C4Hs0* + CH3 + 26 (1)

The fragment with m/z = 68 mass is likely produced in a similar reaction, but it further
requires hydrogen removal from CsHsO*, leading to the formation of the CsH4O*. An
additional hydrogen abstraction from CsHsO* may produce C4H3O* (m/z = 67). MD
calculations suggest that cations with m/z = 65 and 66 masses may be produced in
alternative reactions occurring via the detachment of (H,0+H)/(OH+2H)/(O+3H) or
H,0/(OH+H)/(0+2H), respectively, giving:

e~ + CsHgO* —> CsHs* + (Ho0+H)/(OH+2H)/(0+3H) + 2e-, (2)
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e + CsHgO* — CsHe™ + H20/(OH+H)/(O+2H) + 2e™. (3)
However, these reactions are more complex than those arising according to the scheme (1)

and are, therefore, less likely to occur.

4.4.3. Fragments with m/z = 49-58
Ten peaks can be detected in the m/z = 49-58 mass region. The MD calculations
suggest two different decomposition channels leading to the formation of these fragments.
Both processes may start with opening the parent cation ring structure by O(1)-C(6) bond
cleavage, followed by bond rearrangements and the intramolecular migration of hydrogen
atoms from one molecular site to another. Then, the production of the three heaviest

fragments in this group occurs via C(4)-C(5) single bond rupture, leading to the reactions:

e + CsHgO* — C3H40* + CoHa + 2€7, (4)
e + CsHgO* — C3HsO* + CoH3 + 267, (5)
e + CsHgO* — C3HgO* + CoHy + 26 (6)

The most straightforward process is the one leading to the formation of a m/z = 56
cation, i.e. (4). It requires only the opening of the DHP ring and the rearrangement of the
bonds in the resulting open-structure cation, followed by C(4)-C(5) cleavage. This mechanism
is in agreement with low-temperature thermal decomposition investigations of neutral DHP,
which identified acrolein (O=CH-CH=CH;) and ethylene (CH,=CH,) as the main pyrolytic
products [93], [94]. Pyrolysis leads to the primary fragmentation products without secondary
fragmentation. These primary products most likely correspond to the skeletal fragments
resulting from the statistical disintegration of the ring. Interestingly, using acrolein as the

primary substrate in the catalytic asymmetric inverse-electron-demand oxa-Diels—Alder
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reaction leads to the formation of 3,4-dihydropyran having an unoccupied C(6) position in its
ring structure [95] thus suggesting the importance of the (4) pathway.

Reactions (5) and (6) require additional migration of one or two hydrogens,
respectively, and are thus less probable, which is in agreement with observed partial cross-
sections for the production of these cations (see Table 2). It remains an open question
whether DHP can decompose by breaking two single bonds, O(1)-C(2) and C(3)-C(4), leading
directly to the formation of the products shown in reaction (6). This pathway would start by
breaking a bond stronger than the very weak O(1)-C(6), which is probably connected with a
higher activation barrier. Indeed, Koritzke et al. [52] suggested that oxygen O(1) and possibly
carbon C(3) are putative ionization sites. In the first situation, this weakens the O(1)-C(6)
bond, and in the second, the C(2)=C(3) bond. Therefore, the channel through O(1)-C(2) and
C(3)-C(4) scission is less probable than decomposition via the reaction (6).

Transannular cleavage is the second mechanism that starts from the O(1)-C(6) bond
rupture. This process leads to the formation of the five lightest cations in the m/z = 49-58
mass group via C(2)=C(3) double-bond cleavage accompanied by hydrogen transfers. The
course of this reaction can be facilitated because the ionization site can be the C(3) carbon,
causing the initial cleavage of one of the two bonds between C(2) and C(3) [52]. The
appearance energy of the m/z = 52 cation is the lowest of all the fragments. This may
indicate a favorable decay of DHP through this mechanism. Abundances of the m/z = 51-53
cations obtained in MD calculations also suggest the reliability of this picture. Our
experiment detected further cations with masses m/z = 49 and 50 absent in the theoretical
mass spectrum. We assign these fragments to the production of the CsH* and CsH>*,

respectively.
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The peaks at m/z = 55 and 54 most likely consist of isobaric cations generated

competitively by both fragmentation processes, as shown in Table 1. In particular, Koritzke
et al. [52] suggested that a m/z = 55 fragment may be created as a hydrocarbon cyclobutyl
cation (C4H;*). Conversely, the C4H;* fragment contributing 29.1% to the m/z = 55signal
(Table 1) is not as frequent because its direct formation involves the scission of the double
C2=C3 bond, which is less probable. According to the MD simulations, the first pathway,
namely:
e + CsHgO* — C3H30" + (CaHs)/(H+CoHa) + 2e (7)
is more probable in producing the m/z = 55 ion. Indeed, the theoretical abundance of the
C3Hs0" ion equals 67% (see Table 1). For the production of the m/z = 54 cation, the
transannular cleavage mechanism begins to predominate, resulting in a reversed situation:
the C4Hg¢* hydrocarbon fragment is produced with a probability of 66.3% and the C3H,O*
cation with a probability of 31.7%.

Reaching the fragments in the m/z = 49-58 mass group by ring opening through the
0O(1)-C(2) bond break may require more complicated ring rearrangements and the collective
movements of several hydrogen atoms. However, Koritzke et al. [52] suggested that this site
may be exposed to inductive cleavage, initiating fragmentation of DHP into lower mass
fragments rather than heavier species. Nevertheless, the fragmentation channels starting
from the O(1)-C(2) bond rupture and giving the peaks with the m/z = 49-58 masses cannot

be excluded.

4.4.4. Fragments with m/z = 36-45
In this mass region, we detected ten peaks. Cations with m/z = 39 and 41 masses are

the strongest and have relative intensities equal to 28 and 25.5%, respectively. Other
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fragments in this mass region have relative intensities lower than 7%. In contrast,
calculations show that the peak corresponding to a mass of m/z = 40 is the most intense
(lrea™ at E = 100 eV equals 31%), while the other peaks form steadily decreasing "wings" on
both sides of this cation.

According to MD predictions, the lower mass fragments in this mass group consist of
a sequence of hydrocarbon cations having three carbon atoms, while higher mass fragments
contain the carbonyl group. As in the case of decomposition leading to fragments with
masses of m/z = 49-58, there may also be two dominant decay processes generating these
cations. Again, both processes would depend on the ionization site. If it is oxygen, the
decomposition most likely occurs via breaking the O(1)-C(6) and C(3)-C(4) bonds, yielding a
sequence of cations having oxygen. If it is the carbon C(3) site, the inductive effect may
prevail, leading to a hydrocarbon series by breaking the O(1)-C(2) and C(4)-C(5) bonds.
Naturally, both processes should occur with simultaneous hydrogen migrations.

For example, inductive cleavage of the O(1)-C(2) single bond, accompanied by the
open ring structure rearrangement followed by a-cleavage has been proposed [52] to yield
the allene cation (CsHs*) corresponding to the most intense peak (39 u) in this mass range at
the experimental spectrum (Figure 2b). The appearance energy of this fragment is 13 eV,
corroborating the complexity of the underlying reaction. From a theoretical point of view, it
would be much simpler to have an inductive mechanism of scission across the ring starting
from O(1)-C(2) followed by C(4)-C(5) bond cleavage. Such a process will likely yield the CsHa*
cation, which is calculated to be the most abundant in this mass range. In addition, the
appearance energy of this fragment is relatively low (10.6 eV), which makes the above
considerations plausible. The hydrogen transfers from one side to the other prior to

inductive scission across the ring can alter the course of this reaction, thus making this
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process increasingly complicated. Therefore, lower- and higher-mass hydrocarbon fragments
have diminishing abundances in the theoretical mass spectrum (Figure 2d) and,
experimentally, have increasing appearance energies (see Table 2). Our calculations imply
that this mechanism is probably responsible for the efficient production of cations with
masses as high as m/z = 43. Moreover, our experiment detected very low-intensity cations
with m/z = 36 and 37 masses, missing in the theoretical mass spectrum. We assign these
peaks to the production of the C3* and CsH*, respectively.

The formation mechanism of oxygen-containing cations complements the DHP decay
scenario via the inductive effect presented above. Such fragments can be produced by a
straightforward decomposition process that covers the m/z = 42-45 mass region. In
particular, a cation with m/z = 42 mass is likely formed by transannular cleavage across the
DHP ring, which would involve O(1)-C(6) rupture followed by C(3)-C(4) bond scission. This
mechanism splits the DHP ring into precisely two m/z = 42 moieties, CsHgs and C2H,0. With
respect to the ionization site, this process leaves the C;H;0 in a charged state. Transannular
cleavage across the DHP ring seems to be a simple decomposition mechanism, but the
appearance threshold of the m/z = 42 cation is surprisingly high, and the cross-section is low
(see Table 2).

Similarly to the production of cations m/z = 54 and 55, fragments m/z = 42 and 43
formation is also affected by an interchange of fragmentation processes. Our calculations
suggest that a second isobar with the mass m/z = 42, namely CsH¢*, also contributes to the
abundance of the m/z = 42 peak. Actually, both isobars contribute almost equally to this
peak (see Table 1). Here, the inductive effect occurring via O(1)-C(2) and C(4)-C(5) bond
breakage accompanied by extensive rearrangement of the DHP skeleton may produce CsHg"

cation. On the other hand, the transannular cleavage mechanism dominates the formation
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of the m/z = 43 cation, leading to an 83.5% probability of forming the C;H30* fragment. The
MD calculations suggest that the probability of forming the CsH;* hydrocarbon isobar is only

10.5%.

4.4.5. Fragments with m/z = 25-31

This mass region consists of intensive m/z = 27-29 peaks (Table 1). The m/z = 28 is
well reproduced as the strongest in MD simulations (Table 1). Theoretical intensities of m/z =
27 and 29 cations are also satisfactorily predicted.

Our MD predictions again show that the lower mass fragments in this mass group
consist of a sequence of hydrocarbon cations (but having two carbon atoms), while higher
mass fragments contain the CO moiety. Hydrocarbons likely correspond to ethynyl (25 u),
acetylene (26 u), vinyl radical (27 u), and ethylene (28 u) cations, respectively. Oxygen-
containing fragments are possibly the formyl cation (HCO*), formaldehyde cation (H.CO"),
and methoxy cation (CHs0").

These cations may be formed in reactions similar to those producing fragments with
masses of m/z = 49-58. However, the appearance energies are here considerably higher (see
Table 2), implying the existence of some factors that complicate the processes leading to the
formation of the m/z = 25-31 fragments as charged counterparts of the m/z = 49-58
fragments. The first factor may be the ionization site. It may differ from the ones previously
proposed, thus increasing or decreasing the energies of the individual bonds. Secondly, the
ionization site may be the same, but forming low-mass cations requires intramolecular
charge transfer from one molecular site to another before the bonds are ruptured. The
second factor seems more probable. This may be indicated by the calculated percentage of

individual cations (see Table 1), which corresponds to the percentage of heavy mass
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partners. In addition, the peak corresponding to the m/z = 29 fragment is expected to be a
combination of signals from two cations, i.e., C;Hs* and HCO*. Similarly, its heavier partner
(m/z = 55) likely comprises two remaining moieties of the DHP ring (CsH3O* and CsH;*, as
seen in Table 1). Furthermore, a change in the fragmentation mechanism is evident in the
production of both fragments.

We can, therefore, conclude that the transannular cleavage mechanism starting from
the O(1)-C(6) bond rupture followed by C(2)=C(3) double-bond cleavage accompanied by
charge and hydrogen transfers may lead to the formation of the three heaviest cations in the
m/z = 25-31 mass group. The lighter cations may be generated in processes starting again
with opening the parent cation ring structure by O(1)-C(6) bond cleavage, but followed by
the intramolecular charge and hydrogens migration and scission of the C(4)-C(5) bond
similarly to reactions (4)-(6). Both fragmentation pathways may participate in creating the

formyl cation (29 u).

4.4.6. Fragments with m/z = 14-16

This mass region consists of the lightest cations. The peak with the mass of m/z = 16
is the fragment that originates at the lowest energy in the m/z = 14-16 region. The E of this
cation was found to be 13.44 (0.05) eV. This peak is visible in the MD simulations. However,
it is very weak, and we have not included it in the present tables. It is predicted to be
primarily due to CH4 (43%) and *3CHs (55%), so oxygen production can be excluded.

The cations with masses m/z = 14 and 15 arise at the energy of 14.1-14.2 eV and are
almost four and six times more intensive than the m/z = 16 peak. According to the MD
predictions, the most intense peak belongs to the CHs* cation produced in the reaction:

e + CsHgO* — CH3z*™ + C4HsO + 2e". (8)
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The CHs* cation may be formed by an alternative mechanism to the (1) reaction, suggesting
the same intermediate state for processes (1) and (8). However, the difference in the cross-
sections and appearance energies may imply that ring rearrangement leading to CHs* is
more complex than the C4HsO* cation. Indeed, the observation of the CHs* cation, which is
not a structural component of the DHP molecule, is direct experimental proof for the
migration of hydrogen atoms along the ring prior to fragmentation.

The lightest fragment (i.e., m/z = 14) in this mass range is assigned to the CH)*
formation (see Table 1). The fragmentation mechanism leading to the CH,* formation seems
to be quite simple, consisting of a rupture of two O(1)-C(6) and C(6)-C(5) single bonds. The
same reaction may produce the m/z = 70 cation. However, the cross-sections for the
production of both these cations are very low, and the Ery of CHy* is relatively high, thus
suggesting a rather high energy barrier for this process.

It is noteworthy that the MD calculations did not predict the generation of the atomic
fragments. Even if such cations were generated, they would have a minor contribution to the
production of the m/z = 12 and 16 fragments due to complex, energy-consuming
fragmentation channels, which lead to the complete disintegration of the DHP ring structure.
This is perhaps why we did not detect the peak corresponding to the mass of m/z = 12. If
such atomic fragments were formed in excited states, their fluorescence could be directly
detected and identified in the emission fragmentation spectra. However, the emission
fragmentation spectra of similar five-membered heterocyclic molecules (e.g., pyrrole [15],
tetrahydrofuran [21], and pyridine [28]) obtained using electron- or photon-induced
fluorescence spectroscopies showed no emission from atomic fragments, corroborating our

supposition.
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5. Conclusions

The dissociative ionization of 3,4-dihydro-2H-pyran was studied using electron-
induced mass spectrometry combined with molecular dynamics and machine learning
simulations. Using a quadrupole mass spectrometer, we recorded the mass spectra in the
m/z = 10-90 mass range for 8-140 eV electron energies. These spectra revealed 41 mass
peaks that could be assigned to particular cations using theoretical molecular dynamics
calculations.

Guided by these calculations and in conjunction with other dissociation
measurements, the fragmentation mechanisms were suggested. Generally, the
fragmentation pathways of DHP observed along the MD trajectories are rather complex and
do not seem to exhibit readily recognizable or systematic patterns. The mechanisms typically
involve recurrent bond breakings and formations and a sequence of rearrangements before
the fragments definitively split. In particular, the electron-induced fragmentation
mechanisms of DHP depend on the site at which the molecule is ionized. Two sites are
mainly prone to electron attack: oxygen O(1) and carbon C(3). When DHP is ionized at the
O(1) site, the O(1)-C(6) bond breaks as the first one, followed by the C(5)-C(6), C(4)-C(5), and
C(3)-C(4) bonds break depending on how massive the fragment is formed, and accompanied
by charge and/or hydrogen migrations. This process may compete with the transannular
cleavage mechanism, which starts from ionization at the C(3) site followed by the initial
cleavage of the O(1)-C(6) bond and one of the two bonds between C(2) and C(3). There is an
inversion between these processes for most mass groups. This inversion of the
fragmentation mechanisms remains somewhat puzzling at the moment, but our results

clearly show that it happens.
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We have also determined the total and partial ionization cross-sections of 37 cations
in the energy range from their respective appearance energies (Etn) to 140 eV. To complete
the above results, we have performed machine learning simulations predicting total
ionization cross-sections. Comparing the simulation data with the experimental values
showed a satisfactory agreement, similar to previous predictions made using the ML
algorithm.

The measured cross-sections show that the production of parent cation CsHsO" starts
at 8.76 (0.02) eV, and it governs the dissociative ionization of DHP at lower energies.
However, above 18 eV, m/z = 55 cation becomes the primary fragmentation product.

The present results can shed light on the fragmentation of cyclic ether intermediates
involved in degenerate chain branching in low-temperature hydrocarbon oxidation and
biofuel combustion. Moreover, these results may be used as the input data in radiation-
induced damage models to improve radiation treatment protocols. Indeed, the electron-
induced ionization cross-sections of DHP are higher than those measured for similar six-
membered heterocyclic molecules containing nitrogen atoms. MD calculations suggest that
DHP decomposes into many reactive oxygen-containing fragments with high cross-sections.
This could pave the way for producing efficient oxygen-rich radiosensitizers containing DHP
rings. The reactive oxygen species formed after irradiation of such drugs may alter cancer

cells more severely, thereby increasing their therapeutic potential.

Supplementary Material
The supplementary material includes detailed description of experimental procedures and
conditions; Cartesian coordinates (A) and harmonic vibrational wavenumbers (cm™) of the

DHP minimum optimized at the MP2/cc-pVTZ level; the original mass spectra of DHP
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measured after electron collisions (Fig. S1); the ab-initio MD (PBEO/SVP) simulated mass
spectra of DHP at the different impact energies (Figs. S2-S4); the assignments of all cations
and their percentages (in %) from MD simulations (Table S1); the ionization cross sections
for the specified cations of DHP measured in the electron energy range of 5-140 eV (Fig. S5);

experimental cross-sections and simulations near thresholds (Table S2).
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