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Mass spectrometric studies of the positive ion yield due to the
electron impact ionization of ethylene glycol molecules in the gas
phase have been carried out. The ionization energy of a molecule
and the energies of appearance of basic fragment ions have been
obtained based on the ionization efficiency curves. The value of
the ionization energy for a CoHgO2 molecule has been determined
experimentally to be (10.21 £ 0.25) e€V. The experimental val-
ues of the energies of appearance for the basic fragment ions with
m/z = 31, 33, and 29 have been found to be (11.13 £ 0.25), (10.56
+ 0.25), and (17.79 £ 0.25) €V, respectively.

1. Introduction

A high interest in the study of the processes of inter-
action of slow electrons with alcohol molecules is in-
duced, first of all, by their wide industrial application.
In addition, the discovery of such molecules in the inter-
stellar space and in planet atmospheres [1-3] provokes
interest from the viewpoint of fundamental science in
the questions of the origin and the radiation stability of
organic substances, as well as the importance of these
processes for understanding the nature of the radiation-
induced damage of biological objects [4]. The majority
of researches [5,6] of the interaction of electrons with al-
cohol molecules concerns methanol (CH3OH), ethanol
(C2H50H), propanol (CsH;OH), butanol (C4HgoOH),
and allyl alcohol (CsH5OH). The electron impact dis-
sociative ionization of alcohols was studied in [7,8] in
detail. For all the investigated alcohols, one observed
the following groups of fragment ions: H,, CH,, C,H,,
CH,O, and C,H,O, where = and y can takes various
values.

This work reports the results of mass spectrometric
studies of the processes of dissociative ionization of ethy-
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lene glycol molecule by slow electrons. In spite of the
rather large industrial importance of this representative
of diatomic alcohols, the literature on the interaction
of electrons with various energies with alcohol molecules
practically does not include the studies of ethylene glycol
molecules by means of electron-impact mass spectrome-
try representing the most widespread ionization method
in modern mass spectrometers. The main advantages of
this method are its reliability and universality. In ad-
dition, the existing computer libraries of mass spectra
(Wiley and NIST) adduce the spectra obtained under
the action of electron impact as recommended ones.

2. Experiment

The experiment was performed on a set-up with the oil-
free 3rp3mT of residual gases. As an analytical device,
we used a monopole mass spectrometer MX-7304A [9]
with the digital indication of the mass number and the
intensity of ion peaks. It can operate in the modes of
manual, cyclic, and programmable sweeps of the mass
spectrum and energies of ionizing electrons. A more
detailed description of the experiment can be found in
[10]. Here, we discuss only its basic points. A beam of
studied molecules was formed with the help of a multi-
channel source of the effusion type providing a molec-
ular concentration of 10'°-10'' cm™3 in the region of
interaction with an electron beam. The ion source with
electron ionization operated in the mode of stabilization
of the electron current and allowed one to obtain elec-
tron beams with a fixed energy at currents of 0.5-1.5 mA
and the energy spread AF = 500 meV. The mass scale
was calibrated using Ar and Xe beams, while the scale
of electron beam energies was graduated with respect
to the initial region of the ionization cross section of
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Kr atoms. The experimentally measured dependences
of the ionization cross section on the energy of ionizing
electrons were used to determine the energies of appear-
ance of basic fragments of ethylene glycol molecule. The
experiment consisted of two parts: in the first one, we
measured the mass spectra in the mass range 0-80 amu
at the ionization energies E; = 20-100 eV; while, in the
second one, we studied the energy dependences of the
relative cross sections of dissociative ionization in the
range of ionizing electron energies 5-40 eV.

3. Discussion of the Results

The electron impact ionization of ethylene glycol
molecules (C2HgOz2) results in the formation of a certain
number of positive ions that increases with the ionizing
electron energy. Figure 1 presents the mass spectra of
positive ions obtained at various electron energies. In
this figure, one observes a change of the fragmentation
depth of the initial molecule that depends considerably
on the energy of bombarding electrons. In particular, at
an ionizing electron energy of 30 eV (Fig. 1,a), the high-
est intensity in the spectrum is revealed by two peaks
corresponding to ion-fragments with m/z = 31 and 33,
whereas the intensity of other fragment ions is less than
3% of the intensity of the dominant peak with m/z =
31. This fact allows one to conclude that the most ef-
ficient fragmentation channels of CoHgO2 molecules are
those with the formation of ions with m/z = 31 and
33. At the electron energy F; = 70 eV, the intensity of
the peaks corresponding to different ion-fragments grows
(see Fig. 1,¢). An increase in the internal energy of
a molecular ion leads to the complication of the mass
spectrum and the appearance of fragments formed both
due to its direct decay and the dissociation of primary
fragments with excess energies, i.e. the secondary disso-
ciation. It is worth noting that this mass spectrum (Fig.
1,¢) is similar to the standard NIST one [11].

Let us discuss the fragmentation process in more de-
tails. As is known [12], the character of the fragmen-
tation of alcohols under the action of electrons is deter-
mined by the localization of a cation-radical center at a
heteroatom. The presence of a hydroxyl group results in
a decrease of the ionization energy of such compounds
as compared with that of alkanes with the same length
of the carbon skeleton. In this case, the intensity of the
peak of a molecular ion M decreases (for example, one
can compare the ionization energies of MT for ethane
(E; = (11.52 4+ 0.04) V), ethanol (F; = (10.48 + 0.07)
eV), and ethylene glycol (E; = 10.16 €V) [11].
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Fig. 1. Mass spectra of ethylene glycol molecules at ionizing elec-
tron energies of 30 (a), 50 (b), and 70 eV (c). The temperature of
the molecule source is 350 K

We measured the appearance energies (E,;,) of basic
ions formed due to the dissociative ionization of ethylene
glycol molecules with the mass-to-charge ratios m/z=62,
44, 43, 33, 31, and 29 that are listed in Table 1. Fig-
ure 2 presents the dissociative ionization functions for
the basic fragments of a studied molecule. They were
used to determine the appearance energies of the given
fragments with the help of the technique developed and
proposed in [16].

Let us consider possible schemes of the formation of
basic fragments of ethylene glycol molecule under the ac-
tion of the electron impact, as well as the experimentally
determined energies of their appearance in the spectrum.

Region of molecular ion with m/z = 62. In the mass
spectrum of ethylene glycol measured at an ionizing elec-
tron energy of 50 ¢V (Fig. 1,b), the intensity of the peak
corresponding to a molecular ion M+ (CoHgOo ™, m/z =
62) is very weak and amounts to only 4% of the most
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Table 1.

Brief description of fragments of ethylene glycol molecule in the mass spectrum

Empirical formula

of the fragment ion

Molecular mass

of the fragment ion, m/z

Relative intensity in the spectrum,
%, at E; = 50 eV

E.p, €V (our data)

Eap, &V NIST [11]

CHs™t 15 22.5 16.04 + 0.25
CHO™* 29 13.4 17.79 4+ 0.25
CH30™* 31 100 13.25 + 0.25 12.5 + 0.15
11.13 £+ 0.25 11.12 + 0.05
CH50+ 33 36.6 10.56 + 0.25 10.7 £ 0.1
CyH30" 43 9.3 12.17 + 0.25
CyH40F 44 3.4 15.49 + 0.25
CoH50t 45 5.9 12.41 + 0.25
CoHgOF 62 4 10.21 £ 0.25
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Fig. 2. Ionization efficiency curves for molecular and fragment ions of ethylene glycol molecule in the near-threshold energy region

(arrows mark their energies of appearance)

intense peak in the mass spectrum belonging to CHzOT
ion with m/z = 31. Such a weak intensity of the M*
peak is caused by its instability resulting in its disso-
ciation. It is known that the first ionization potential
of alcohol molecules is due to the elimination of the n-
electron of an oxygen atom [17]. That is, the instability
of the MT ion of ethylene glycol resulting in the low
intensity of this peak in the mass spectrum is induced
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by the fragmentation processes initiated by the ionized
hydroxyl group. According to our calculations, the ion-
ization energy of ethylene glycol molecule amounts to
(10.21 £ 0.25) eV (see Table 1). It is worth noting that,
in the case of alcohols, the formation of an intermolecu-
lar hydrogen bond can lead to the appearance of MH™
ion peaks in the mass spectrum [17], whose intensity ex-
ceeds that of the first isotope peak [M+1]*. We did not
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observe MH™ ions in our spectra, so the intermolecu-
lar hydrogen bond has no effect on the results obtained
under our experimental conditions. The fragment with
m/z = 61 corresponds to the detachment of a hydrogen
atom from the molecular ion. The weak intensity of the
signal from this ion in the mass spectrum does not allow
us to determine the energy of its appearance.

Group of ions with m/z = 48, 44, and 45. This group
of fragments in the spectrum corresponds to the impor-
tant decay channel of ethylene glycol molecular ion con-
sisting in the elimination of a water molecule and hy-
droxyl: [M-HO|", m/z = 44; [M-OH|", m/z = 45.
The elimination of the water molecule can be accom-
panied by the capture of hydrogen ([M-HxO-H|T, m/z
= 43) [13]. Moreover, a hydrogen atom can be cap-
tured from various positions, which is considered as the
transformation of Mt preceding its decay [11]. We de-
termined the energies of appearance of the ion-fragments
[CoH30| " and [CoH4O| T that amounted to E,, = (12.17
+0.25) eV (m/z = 43) and E,, = (15.49 £ 0.25) eV (m/z
= 44), respectively. The fragment with m/z = 45, as-
sociated with the detachment of a hydroxyl group from
the molecular ion, has a low-intensity signal in the mass
spectrum, which does not allow us to determine the en-
ergy of its appearance. The peak of [CoH3O|* ion, that
corresponds to the detachment of [H,O + H'|* from the
parent molecule, has the highest intensity and the least
appearance threshold in this group of ions. Thus, the
simple bond breakage between a carbon atom and a hy-
droxyl group in an ethylene glycol molecule represents a
less probable fragmentation channel as compared with a
more complex process accompanied by a shift of hydro-
gen atoms to the cation center of the molecular ion. This
phenomenon can be related to the stability of generated
dissociation products. To our mind, the lower value of
E,p, in this group of ions corresponds to the formation of
a relatively stable hydronium radical H3O", whereas the
larger one is related to the detachment of two radicals
H' and OH" from the initial molecule, rather than to the
formation of H5O.

CHs0% (m/z = 33). The identification of the peak
with this integer mass meets some difficulties, as there
exist two isobar ions that can originate from the ini-
tial molecule. They are a hydroperoxide radical [HOz| "
with a molecular mass of 33.0067 amu and a protonated
methanol ion [CH50]" with a mass of 33.0493 amu [11].
A peak of the ion of such a composition with a lifetime
of 107! s was registered at the dissociative ionization
of an isobutanol molecule in [15] and was identified as
a protonated methanol ion. The empirical formula of
the ion with m/z 33 can be determined, by analyzing
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Fig. 3. Fragmentation scheme of the molecular ion of ethylene
glycol molecule

its first isotope peak. Summing the increments of the
intensities of the isotope peaks belonging to atoms that
enter the both compounds, one calculated the intensity
of the first isotope peak (m/z = 34) that amounted to
1.6% for CH50 and 0.816% for HO,. The intensities of
the peaks with masses of 33 and 34 in the spectrum [11]
relate as 100:1.4, i.e. the ion with a mass of 33 amu
in the ethylene glycol spectrum has the empirical for-
mula [CH5O|" accurate to & 0.1%. Thus, the presence
of the peak with m/z = 33 [CH50]" and the energy of
appearance E,, = (10.56 £ 0.25) eV in the spectrum is
a result of the breakage of the C—C bond of the carbon
skeleton of a molecule, as well as the rearrangement and
the migration of hydrogen atoms.

CH50% (m/z = 81). The peak corresponding to this
mass is the most intense in the spectrum. The forma-

tion of oxonium ion CH2:6H (m/z = 31) represents
+

the main dissociative process in the case of the fragmen-
tation of all aliphatic alcohols [12], including ethylene
glycol, and corresponds to the g-breakage of the C-C
bond (with respect to a heteroatom), which can be a re-
sult of the charge localization at an oxygen atom. The
energy of appearance of the ion corresponding to this
mass is E,, = (11.13 £ 0.25) eV. In the case of ethylene
glycol, the dissociation of this bond can occur through
two channels with the formation of various products (see
Fig. 3), which is reflected in the break of the ionization
efficiency curve for CH3O™ ion, and, respectively, differ-
ent thresholds of its appearance.

CHO"™ (m/z = 29). The peak of CHOT ion with
m/z = 29 corresponds to the loss of a fragment (frag-
ments) with a mass of 33 amu by the molecular ion.
Moreover, either the whole CH5O fragment or its sepa-
rate parts (e.g., CHs + H2O, CHy + H30) can be elim-
inated, which is manifested in the nonuniformity of the
ionization efficiency function at the formation of CHO™
ion. The energy of appearance of this ion is equal to
(17.79 £ 0.25) eV. With regard for the fact that the for-
mation of the majority of fragments requires a higher
energy consumption, the appearance threshold of this
ion corresponds to the detachment of the CH50 frag-
ment, i.e. CHOT ion is complementary to CH5;0" one
with m/z = 33. Since E,, for CH;0" is much lower
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Fig. 4. Near-threshold regions of the ionization efficiency functions
for CH50% (m/z =31) and CH30% (m/z =33) ions

as compared with E,, for CHO™ (see Table 1), whereas
the energies spent for the bond breakage and a rear-
rangement of atoms at the formation of complementary
fragments are identical, the difference in the energies of
appearance of these ions corresponds to the difference in
the ionization energies of the respective fragments and
amounts to (7.23 £ 0.5) eV. The relation between the
peaks of these ions in the mass spectrum also testifies
to the better charge stabilization by an ion with larger
mass.

CHY, (m/z = 15) . In the case of the electron impact
fragmentation of aliphatic alcohols, the dehydration of
not only M+, but also of fragment ions including a hy-
droxyl group, can occur. To our mind, it is the process
that results in the appearance of the peak with m/z =
15 (CHY) in the ethylene glycol spectrum that is most
probably formed due to the dehydration of CH;O* frag-
ment ion. The ion corresponding to this mass has the
energy of appearance E,, = (16.04 £ 0.25) €V.

Interesting features can be observed in the behavior
of the near-threshold regions of the ionization efficiency
functions for CHsO" and CH30™" ions (Fig. 4), whose
peaks dominate in the mass spectra at ionizing electron
energies of 3070 eV (Fig. 1). The values of E,,, for these
ions are equal to (10.56 + 0.25) and (11.13 % 0.25) €V,
respectively. In other words, a simple breakage of the
C—C bond with the formation of CH30" ion-fragment
at a low level of the excess energy of a molecular ion
appears less energy-advantageous than the complex pro-
cess of rearrangement of hydrogen atoms and the dis-
sociation of the same bond under formation of CH;O%
ion-fragment. The increase in the internal excess energy
of the molecular ion leads to the redistribution of com-
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peting fragmentation channels. At 17.47 eV, a simple
breakage of the C—C bond without atom rearrangement
becomes the prevailing channel of dissociative ionization
of the studied molecule.

4. Conclusions

The present work reports the results of complex mass
spectrometric studies of the processes of electron im-
pact dissociative ionization of ethylene glycol molecules.
They give a possibility to deeper understand the mech-
anisms of interaction of slow electrons with these
molecules. For the majority of fragment ions, we propose
possible ways of their formation and determine their en-
ergies of appearance.

A general regularity of the dissociative ionization of
ethylene glycol molecule (similar to those observed for
methanol, ethanol, and butanol molecules in our previ-
ous studies [8]) consists in the presence of CH3" and
CH3O7 ion fragments. However, there exist certain dif-
ferences. In particular, comparing the intensities of the
peaks belonging to ions with m/z = 43 - 45 in the mass
spectrum with the obtained appearance thresholds of
these fragments allowed us to make conclusion that such
simple channel of fragmentation of a molecular ion as the
detachment of a hydroxyl group is inefficient for the ma-
jority of alcohols. Instead, the ethylene glycol molecular
ion experiences a more complex process accompanied by
a shift of hydrogen atoms to the cation center of this ion.

Another peculiarity is that, at ionizing electron ener-
gies from the threshold to (17.47 £+ 0.50) €V, one can
observe the predissociative rearrangement processes in a
molecular ion, and the main channel of its dissociation is
the formation of CH5O™ ion and the CHO neutral frag-
ment. An increase of the electron kinetic energy results
in the inversion of channels leading to the appearance
of CH30*" and CH5O™ ions that have the most intense
peaks in the mass spectrum. Thus, a simple breakage of
the C—C bond with the formation of CH30™" ion frag-
ment becomes the dominant fragmentation channel of a
CoHgO4 molecule.
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IOHIBALIA MOJIEKYJIM ETMJIEHI'VITKOJIIO
EJIEKTPOHHUM YIAPOM

M.I. Muxuma, JI.I. Pomanosa, A.M. 3asironyno,
O.B. LInenux

Pezmowme

IIpoBeieHO Mac-CIEKTPOMETPUYHI JTOCIIZKEHHSI BUXO/LY TTO3UTUB-
HUX 1OHIB, YTBOPEHMX BHACJIZOK ioHi3aIlil eJIeKTPOHHUM yZapoM
MOJIEKYJIM €TUJIEHIVIIKOJIIO B ra3oBiii ¢dazi. 3 KpuBux edeKTUBHO-
cri ioHizanii orpumaHO eHepriro ioHizaril MoseKkyaHu i eHeprii mo-
sIBU OCHOBHUX (DparMeHTHUX ioHiB. EKcllepuMeHTaIbHO BUSHAYEHO
3HaYeHHs eHepril ionizauil gy mosekysun CoHgOa, sike craHOBUTH
10,21 + 0,25 eB. [dua ocnoBuux dparmenTaux ionis 3 m/z =31,
33 1 29 ekcriepruMeHTAJIbHO 3HAWIEH] 3HAYEHHST €HEPTiil ITOSIBU CTa-

voBysaTe 11,13 £ 0,25, 10,56 4+ 0,251 17,79 £ 0,25 eB Binnosiguo.
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