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ABSTRACT

Context. The methyl formate molecule (HCOOCH;) is considered to be a key molecule in astrochemistry. The abundance of this
molecule in space depends on the stability upon irradiation with particles like low-energy electrons.

Aims. We have investigated the decomposition of the molecule upon electron capture in the electron energy range from about O eV up
to 15eV. All experimentally obtained fragmentation channels of the molecular anion were investigated by quantum chemical calcu-
lations.

Methods. A high resolution electron monochromator coupled with quadrupole mass spectrometer was used for the present laboratory
experiment. Quantum chemical calculations of the electron affinities of the generated fragments, the thermodynamic thresholds and
the activation barriers for the associated reaction channels were carried out to complement the experimental studies.

Results. Electron attachment is shown to be a purely dissociative process for this molecule and proceeds within two electron energy
regions of about 1 eV to 4eV and from 5eV to 14 eV. In our experiment five anionic fragments with m/z (and possible stoichiometric
structure) 59 (C,H305), 58 (C;H,0;), 45 (CHO;), 31 (CH307), and 29 (CHO™) were detected. The most abundant anion fragments
that are formed through dissociative electron attachment to methyl formate are the complementary anions CH;O~ and CHO™, associ-
ated with the same single bond cleavage and different survival probability.

Conclusions. The low-energy electron induced dissociation of methyl formate differs from its isomers acetic acid and glycolaldehyde,
which leads to possible chemical selectivity in the chemical evolution.
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1. Introduction

Many simple organic compounds were identified in outer space.
Methyl formate (HCOOCHj3;) is one of the larger molecules
which have been detected in the interstellar medium (ISM)
such as molecular cores or interstellar clouds (Blake et al. 1987,
Cazaux et al. 2003). These regions are characterized by a molec-
ular density of 10°~10% cm™ and temperatures in the order of
100 K. Abundances of methyl formate in the mentioned ISM
regions are expected to be eight orders of magnitude smaller
than that of H, (Garrod & Herbst 2006). In many cases these
molecular cores or clouds are associated with protostars which
can warm the gas and dust from surrounding regions, reinjecting
grain material to the gas phase and causing a variety of chemi-
cal reactions between ingredients of the ISM. Moreover, methyl
formate was also discovered on comets, Hale-Bopp for example,
with a relatively high abundance of 0.01-0.08 of that of water
(Despois et al. 2005; Remijan & Hollis 2006).

After discovery of methyl formate in space, studies of
its possible formation routes were intensified. It was shown
that methyl formate may be formed by a sequence of three
ion-molecule reactions. At first, the precursor molecule of
methanol is protonated by H ions. The subsequent reaction of

Article published by EDP Sciences

protonated methanol with formaldehyde leads to the formation
of the protonated ion of [HC(OH)OCH;]* which then under-
goes dissociative recombination with an electron. In the last
step of the sequence methyl formate and atomic hydrogen is
formed (Horn et al. 2004; Lawson 2012). Bennet and Kaiser
(Bennett & Kaiser 2007) proposed another route for formation
of methyl formate from methanol on the surface of grains. In
their suggested pathway, the metoxy radical (CH3O) is formed
by C—H bond cleavage in methanol. CH3O may then react with
the formyl radical (HCO) leading to the formation of methyl for-
mate. The formyl radical may be formed via the reaction of the
CO molecule with the H atom. A direct reaction of protonated
formic acid with methanol resulting in protonated methyl for-
mate has also been suggested (Laas et al. 2011).

Methyl formate is one of three isomeric forms of C,H40,,
which have been detected in the ISM. The other two isomers
are acetic acid (CH3;COOH) and glycolaldehyde (HOCH,CHO).
In 2001 all three isomers were identified in one space source
(Bennett & Kaiser 2007; Hollis et al. 2001). The space angle
distributions of these isomers in ISM indicate that they are
formed in different way (Remijan et al. 2004). Moreover, mea-
surements of their characteristic spectra have provided infor-
mation on relative abundances of the isomeric forms of
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C,H40, which were estimated to about 26:0.5:1 (methyl for-
mate:acetic acid:glycolaldehyde; Hollis et al. 2001). This is
a surprising result since quantum chemical calculations and
experimental data on the standard enthalpy of formation

(AfHg, ) for these three compounds indicated that acetic

acid has a lower A{HS,, = —433 +3kJmol~! than methyl for-

gas

mate, with AfHg,; = —336.9KkJ mol~! and glycolaldehyde, with
AfHg,y = —-316.8+3.3kJ mol™! (Linstrom & Mallard 2017;
Espinosa-Garcia & Débé 2005). This shows that the abundan-
cies of these isomers in the ISM depend not only on thermody-
namic properties of the compounds, but also on other chemical
and physical reactions leading to their formation and decompo-
sition. Additionally, if we consider conditions in the hot cores of
the ISM, processes that occur in the solid phase (dust, surface)
as well as in the gas phase must be taken into account.

One possible reason for such discrepancies in the relative
isomeric abundances could be the interaction of these molecules
with electrons, atoms, and ions leading to the formation of
positive or negative ions as well as to fragmentation of the
molecules. These processes play an important role in space
as many of the molecules are found in the ISM also in ionic
forms (positively or negatively charged). These different charge
states of the species cause drastic changes of their chemical
and physical properties, for example, their reactivity, and could
promote reactions leading to the generation of more complex
compounds. Methyl formate contains an ester group and there-
fore is important in chemical evolution of molecules of organic
acids, amines and other compounds. Moreover, as a small ester,
HCOOCH;3 is also a model compound for large biodiesel esters
(Oyeyemi et al. 2014). Ions formed from methyl formate can
also be reagents in the formation of larger molecules. For exam-
ple, the enhanced reactivity of nucleophiles of HOO™, HO™,
CH30O~ and HCOO™ (possible anions formed from HCOOCH3)
was demonstrated (Garver et al. 2012). It is also interesting that
at extremely low temperatures (like in the ISM) the considerable
increase of the reactivity of HCOOCH; with OH was observed,
and resulting reaction products could be a substrate for the sub-
sequent chemical reactions leading to the formation of other
compounds (Jimenez et al. 2016). Additionally, the possible rad-
icals, namely HCO and CH30, generated via fragmentation of
methyl formate also have important implications to the chemi-
cal evolution (Bacmann & Faure 2016). These two radicals were
detected in the ISM and are believed to be precursors of many
saturated complex organic molecules (Bacmann & Faure 2016;
Gerin et al. 2009; Cernicharo et al. 2012).

The issues mentioned above encourage study of the interac-
tion of atoms, photons, ions, and electrons with methyl formate
in order to scrutinize pathways of ion formation via interaction
of ionizing radiation with the neutral compound.

It is particularly interesting in this respect to study the inter-
action of HCOOCH; with low-energy electrons. Low energy
electrons in space may result from the interaction of cosmic
rays with gaseous molecules as well as from inelastic inter-
actions of cosmic rays when passing across matter (e.g., ices;
Pimblott & LaVerne 2007; Arumainayagam et al. 2010). The
low energy electron—molecule interaction will drive chemistry
similar to UV and low-energy photon induced processes. How-
ever, electrons will induce more reactions than photons due to
restrictions of selection rules resulting from spin conservation
and dipole interactions.

The formation of anions upon electron attachment can be
schematically presented in a hypothetical potential energy dia-
gram of the molecule AB and its anion AB™ along the bond
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Fig. 1. Schematic potential energy diagram illustrating the formation
and dissociation of the TNI. In addition, the resulting ion yield as func-
tion of initial electron energy is shown on the right hand side (see text
for detailed explanation). In a more advanced description of the DEA
process also autodetachment from the TNI, which is possible up to the
distance RA between A and B~, is taken into account. This leads to a
slight shift of the peak maximum toward lower energies.

distance between A and B, see Fig. 1. In this case, the incoming
electron is trapped in the vicinity of the molecule AB forming
an (excited) temporary negative ion (TNI) denoted as (AB™)*.
Electron attachment is a resonant process, that is, the electron
energy must match with an appropriate state of the TNI. In accor-
dance with the Franck-Condon principle, the transition from the
continuum state (AB and the electron at infinite distance) to the
temporarily bound state (AB™)* is only possible within the A
and B atom distances R; and R, (or considering the electron
energy domain, between E; and E)), see Fig. 1. Obviously, the
energy of the TNI is higher than the ground state of the molecule
and electron in the continuum state, so the temporary negative
ion is unstable. In the situation shown in Fig. 1, the energy
excess in the TNI can be released by two processes, autodetach-
ment or dissociation (dissociative electron attachment (DEA)).
The autodetachment process causes the emission of the captured
electron. In the DEA process, the TNI dissociates into a ther-
modynamically stable anion and a neutral fragment(s) (anion
B~ and neutral A in case of the example shown in Fig. 1).
The shape of the B~ ion yield corresponds to the Gaussian
profile of the vibrational wave function for the neutral ground
state reflected by purely repulsive potential (the right part of the
Fig. 1; lllenberger & Momigny 1992). The experimentally deter-
mined onset is denoted as appearance energy (AE) in the follow-
ing discussion.

In addition, two important quantities are marked in the Fig. 1,
namely the bond dissociation energy (D(A-B)) and electron
affinity (EA) of the fragment B. The thermodynamic threshold
AE for the potentials depicted in Fig. 1 can be thus expressed as
D(A-B) — EA(B). The excess energy imparted into the formed
fragments (anion and neutrals) is given by the difference between
the threshold of the reaction and the energy of the electron at
which the anion formed.

To examine possible reactions in space, the interaction of
methyl formate with atoms, ions and photons was studied
(Lawson 2012; Garver et al. 2012; Fantuzzi et al. 2011), but
almost no studies on the interaction of electrons with HCOOCHj;
are available. Photodissociation studies of methyl formate with
soft X-rays (532.2eV and 288.3eV) have shown formation
of several positive ions with the highest intensity of HCO*
(Fantuzzi et al. 2011). In this study, the parent ion as well as
CO;,H3CO*, CO*, 0", CH}, CH;, CH", and C* were detected.
Ions formed by the separation of atomic or molecular hydrogen
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from methyl formate were not observed. In mass-spectrometric
studies using a magnetic sector mass spectrometer with
electron impact ion source, positive ions with m/z ratio equal
to 60 (parent ion), 59, 45, 44, 32, 31, 30, 29, 28, 15, and 14 were
observed at the electron energy of 50eV (Raalte & Harrison
1963). Theoretical investigations of elastic electron collisions
with HCOOCH; molecules indicated two resonances in its cross
section (de Souza et al. 2016). One resonance was found at the
electron energy of about 3eV and a second broad feature is
centered at around 8 eV. These calculations demonstrate that at
these two energies the formation of negative ions from methyl
formate should occur. In the present experimental study we
investigated dissociative electron attachment (DEA) to methyl
formate by mass spectrometric detection of formed anions.

2. Experimental

The electron attachment spectrometer used in the present studies
comprises of a molecular beam source, a high resolution hemi-
spherical electron monochromator (HEM) and a quadrupole
mass filter with a pulse counting system for analyzing and
detecting the ionic products. The apparatus has been described
previously in detail (Denifl et al. 2005). Briefly, as the methyl
formate sample is liquid at room temperature and its vapor pres-
sure is relatively high (530 hPa at 289 K and 100 kPa at 305 K;
Press 1981), the vapor was directly introduced into the interac-
tion chamber of the HEM by a capillary made of stainless steel
and no additional heating was required. The gas flow to the inter-
action chamber was controlled by the pressure in the main vac-
uum chamber of the mass spectrometer. In the whole course
of the experiment, this pressure was about 10~ Pa, to ensure
collision-free conditions. Prior to the investigations, the sample
of methyl formate was purified from residual air by freezing and
pumping cycles. The anions generated by the electron attach-
ment process were extracted by a weak electrostatic field into
the quadrupole mass spectrometer where they were analyzed and
detected by a channeltron secondary electron multiplier. After
crossing the collision region, the residual electrons were col-
lected by a Faraday plate; the electron current was monitored
during the experiments using a pico-amperemeter.

To determine the energy spread of the HEM and to calibrate
the energy scale, the well-known cross section for the formation
of C17 /CCl, was used. The formation of C1~/CCly is character-
ized by two main resonances: at 0eV and 0.8 eV (Matejcik et al.
1995; Klar et al. 2001). The first one can serve for calibration of
the electron energy scale and to determine the electron energy
spread (the apparent FWHM represents the energy resolution of
the electron beam). In the present experiments the FWHM and
the electron current were 160 meV and 30 nA, respectively. The
used electron energy resolution represents a reasonable compro-
mise between the product ion intensity and the energy spread to
resolve resonances in the measured ion yields. The HEM was
constantly heated to the temperature of 360 K in order to prevent
surface charging. The methyl formate sample of 99% purity was
purchased from Sigma Aldrich, Vienna, Austria.

3. Quantum chemical calculations

To complement and support the analysis and interpretation of the
experimental results, we used the established high-level extrap-
olation scheme G4 for the calculation of (adiabatic) electron
affinities and thermochemical reaction thresholds (Curtiss et al.
2007). The G4 method achieves mean absolute deviations from
experiment of 0.83 kcal mol~! for a variety of properties (such

Table 1. Calculated (G4) and experimental electron affinities (EA) for
the HCOOCH; molecule and its neutral fragments.

Molecule or atom Electron affinity (eV)
(mass in u) G4 NIST*
¢is-HCOOCHj3; (60) -1.24
trans-HCOOCH; -1.05

CHOOCH;3; (59) 1.41

HCOOCH, 0.8 -
COOCH,; (58) -0.60

HCOOCH 0.95 -
COOH (45) 1.54 1.38
HCOO 3.6

CH;0 (31) 1.55

HOCH, -0.19 -
HCO (29) 0.33 0.31
0O (16) 1.44 1.44
OH (17) 1.87 1.83
CHj; (15) -0.01 0.08
C(12) 1.22 1.26

Notes. “Linstrom & Mallard (2017).

as atomization energies, or electron and proton affinities) assem-
bled in the G3/05 (G4) test set (Curtiss et al. 2005). The reaction
thresholds were obtained as the difference between all ground
state free energies of the reaction products (anion and neutral
fragments) and reactants (i.e., here, the parent neutral molecule).
All calculations were done for room temperature (293.15 K) and
the pressure of 0 Pa which resemble the experimental conditions.
The computed electron affinities are summarized in Table 1
together with reported experimental values (where available;
Linstrom & Mallard 2017). For the cases, where the DEA to
methyl formate may have resulted in products involving rear-
rangement, the potential energy surface was explored to deter-
mine the activation energy for the reaction. Transition states (TS)
for fragmentation pathways were optimized at the same level of
theory and basis set. The frequencies of TS were calculated to
confirm that the structures are transition states, that is, local max-
ima on the potential energy surface. Calculations of the intrinsic
reaction coordinates connected the TS to reactants and products.
All quantum chemical calculations were carried out using the
Gaussian 09 software (Frisch et al. 2009).

4. Results and discussion

Our present study shows that electron attachment to methyl
formate is a purely dissociative process with the produc-
tion of five anionic fragments with m/z of 59 (C;H30y),
58 (CoH,03), 45 (CHO;), 31 (CH307), and 29 (CHO™). More-
over, we also measured the trace ion signal for the anion with
m/z=57. Due to the rather low or medium electron affinity
of possible fragments (with exception of HCOQ; Table 1),
the DEA channels are endothermic processes and cannot be
accessed at low electron energy, where the capture cross section
can be substantially higher. Therefore, the specified ion cur-
rent intensities measured in this experiment are also rather
low. The parent anion HCOOCH; is not observable in the
present experiments, where the anions are detected several us
after formation in the ion source. Such absence is in agree-
ment with previous studies of electron attachment to relatively
small organic molecules, where the accumulation of excess
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energy deposited by the extra electron in internal degrees of
freedom of the molecule is less probable than the fragmen-
tation of the formed transient negative ion. In addition, the
electron affinity of HCOOCH; was calculated to be negative
(—=1.24 eV for cis-HCOOCHj; and —1.05 eV for trans-HOOCH3;,
see Table 1) which additionally restricts the formation of the
parent anion to short lifetimes. In previous studies of electron
capture by acetic acid (CH3COOQOH; Sailer et al. 2003) and glyco-
laldehyde (HOCH,CHO; Ptasinska et al. 2005b), both isomeric
forms of C,H40,, the parent anions were also not detected. In
the investigations of DEA to acetic acid, generation of nine dif-
ferent anions with m/z 59, 58, 46, 45, 41, 40, 17, 16, and 14 was
reported (Sailer et al. 2003). Even more fragment anions with
m/z 59, 58, 45, 43, 41, 31, 29, 25, 17, 16, 13, and 1 were mea-
sured in (Ptasifiska et al. 2005b) for DEA to glycolaldehyde. In
DEA to isomers of C;H40, different types of anions are gener-
ated as well as significant deviations in resonance energies and
ion intensities are observed. For both, acetic acid and glycolalde-
hyde the OH™ anion was detected. In the case of methyl for-
mate we also measured a small signal at m/z=17 (OH™) which
was then identified as a background from the sample investi-
gated before. All anions detected presently were also formed in
DEA to glycolaldehyde (Ptasifiska et al. 2005b). However, the
anion efficiency curves differ significantly in shape. The anion
yield curves for all negatively charged fragments observed from
HCOOCHj3 in the electron energy range of about 0eV to 15eV
are presented in Fig. 2. The intensities are given in arbitrary but
reproducible units, so the ion signals for all anions are com-
parable. It is clearly visible in Fig. 2 that the anion formation
by DEA to methyl formate occurs by resonant electron cap-
ture within two broad electron energy ranges, one between about
1eV to 4eV, whereas the second one extends from 5 to 14eV.
This result agrees with previous calculations indicating two res-
onances at around 3 eV and 8eV (de Souza et al. 2016). In the
case of acetic acid, anions were formed at electron energies of
about 1eV to 4eV, 5eV to 6eV (only O7) and 8eV to 12¢eV,
whereas in the case of glycolaldehyde the DEA process pro-
ceeds at energies of about 0.5eV to 3eV and 5eV to 12eV
(Sailer et al. 2003; Ptasinska et al. 2005b). Table 2 summarizes
the present results concerning the resonance peak positions. In
the following subsections we discuss the formation of all mea-
sured fragment anions in detail.

4.1. CzH;;OE and CgH20§

The loss of one or two hydrogen atoms (or a hydrogen molecule)
from the methyl formate leads to the formation of two neg-
ative ions with the stoichiometric structure of C;H3;0; and
C2H,03. In the case of methyl formate, these anions are the third
(C2H30;) and the sixth (C;H>03) in the order of abundance
of generated anions. Ions of this type (M—H)~ or (M—2H)",
where the H atom or two H (or H, molecule) are separated from
the parent molecule, respectively, are very frequently observed
in DEA processes to hydrogen bearing molecules. For exam-
ple, abundant ion yield of the dehydrogenated parent anion was
previously observed in DEA to organic acids and glycolalde-
hyde (Sailer et al. 2003; Ptasinska et al. 2005b; Pelc et al. 2002,
2004, 2005), nitriles (Tanzer et al. 2015; Pelc et al. 2016), nitro-
compounds (Pelc et al. 2007) and biomolecules (Denifl et al.
2008; Vizcaino et al. 2012). As the hydrogen atom could be
abstracted from two sites in the methyl formate molecule, the
C,H;0; anion may be formed via two DEA channels. These
channels, together with the calculated reaction energy thresholds
(AE,) are:
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Fig. 2. Fragment ions from methyl formate as function of the elec-
tron energy. The O~ ion yield can be ascribed to DEA to residual H,O
present in the chamber.

HCOOCH; + e — COOCH; +H,
HCOOCH; + e - HCOOCH, + H,

AE, =2.48eV
AE, =3.28eV.

(1a)
(1b)

The present thermochemical calculations for the C;H30;
fragment anion indicate that reaction (Eq. (1a)) is accessible at
electron energies above 2.48 eV, whereas the channel (Eq. (1b))
is only accessible for electron energies exceeding 3.28 eV. The
EA of CHOOCH; was calculated to be 1.41eV and EA of
HCOOCH; 0.80¢eV (Table 1). The measured C,H30; signal
shows that this anion is formed within two energy regions:
between 2.5eV and 4 eV, with a resonance at about 3.1 + 0.1eV
and a second broad energy range from 4.5eV to 11 eV, with the
main maximum of 8.5 +0.1eV. Closer inspection of the ion
yield indicates another weakly abundant feature at 5.8 + 0.1 eV.
Additionally, the experimental data show a monotonous increase
of the ion yield at energies above 13eV. This phenomenon
may be attributed to the ion pair formation as the ionization
energy of H is 13.6eV. Since in the formation of C;H30;
only a single hydrogen bond has to be broken, the anion has
the low appearance energy (AE) of 2.7 +£0.2eV. The AEs
derived from the experimental data for resonances at higher ener-
gies are 4.7 £ 0.2eV and 5.3 = 0.2 eV, respectively. Taking into
account both, the experimental and theoretical data for AE and
AE,, the first resonance peaking at 3.1eV likely correspond to
reaction (Eq. (1a)). Resonances at higher energies have higher
experimental AEs than the AE; of both reactions (Eqs. (la)
and (1b)). Therefore both peaks at 5.8eV and 8.5eV may
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Table 2. Peak positions for the fragment ions obtained by the dissocia-
tive electron attachment to HCOOCHj; in the present experiment.

Observed resonance maxima (eV)
with uncertainty +0.1 eV

Ton (mass in u)

CH;O; (59) 3.1 58 85

CH,O0; (58) 79 93

CHO; 45) 23 82 101 109
CH;0~ (@31) 29 34 56 176 8.3
CHO™ 29) 7.8 88

o™ 16y 7 89 113

Notes. “Formed by DEA to water.

be assigned to the simple bond cleavage where the hydrogen
atom may be separated also from the methyl group, that is,
reaction (Eq. (1b)). The excess energy (difference between the
electron energy and AE;) in the reaction (Egs. (1a) and (1b))
may lead to (rovibrational) excitation of the polyatomic anion
and kinetic energy of fragments resulting from DEA. Exis-
tence of three resonances for two possible reaction paths also
suggest, that at higher electron energies the core excited res-
onance process may be involved. In such a process, the extra
electron is bound to an electronically excited state of the neu-
tral molecule. Another possibility for existence of such inter-
fering resonances is electron attachment to different conform-
ers of methyl formate. The HCOOCHj; has two conformation
types: cis- and trans- in the C—O—-C-O ester dihedral angle
(Zeegers-Huyskens & Kryacho 2011). The presently computed
difference in the standard enthalpy of formation of methyl
formate trans- to cis- conformation transition is —0.21eV,
indicating that the cis- arrangement is more stable in agree-
ment with the experimental value of —4.75 + 0.19 kcal mol ™!
(Blom & Guenthard 1981). For comparison, in the case of acetic
acid, the (M—H)™ anion exhibits two prominent, energetically
overlapping features only at low electron energies. These two
resonances have their maxima at 0.75eV and 1.5 eV (Sailer et al.
2003) which are definitely lower than in the case of methyl for-
mate. These two low energy features were assigned to two dif-
ferent electronic states of the transient anion representing one
particle shape resonances with the extra electron occupying the
first (LUMO) and second (LUMO+1) virtual orbitals. No res-
onance at higher energies was detected and therefore only the
CH3;COQO™ isomer was formed. The fragmentation of the methyl
group of acetic acid was not considered. Formation of (M—H)~
anion by DEA to glycoladehyde is possible at two energy regions
ranging from about 0.5eV to 3eV and from 5eV to 12eV
via a series of overlapping resonances (Ptasifiska et al. 2005b).
In the case of glycolaldehyde the resonant energy ranges are
similar to the ones observed for electron capture by methyl
formate.

In the present study we were also able to detect the anion
(M-2H)~ formed upon DEA to C;H,0O; (Fig. 2). This anion
is formed with the lowest intensity of about 1:350 of that for
the highest one (CH307™). The present experimental data show
a broad resonance ranging from 7.5eV to 13 eV and peaking at
7.9 + 0.1eV. The high energy tail of the peak may also reveal an
additional resonance with the maximum at 9.3 + 0.1 eV. The cor-
responding appearance energies derived from the measurements
for these two resonances are 7.5 +0.2eV and 8.5+0.2eV,
respectively. The formation of C;H,Oj anion may be described
by the following reaction, where the molecule dissociates into
the anion and two separate H atoms from the methyl group:

[ —— neutral
[ — anion
51 2 ]
i e .f ° .
[ R Heo
[ 4.18 N <4 +H
4 : ? ‘ 2 ]
L : So5Y 374 J @ ]
» 325 T s ]
% 3 i J‘ 2.90 4”1._J>3.02 -
- [ @ P e o e @ 2.51 ]
L P ] 262 [ -
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Fig. 3. G4 schematic free-energy profile (eV) associated with the elimi-
nation of H, molecule from neutral (blue) and anionic (red) methyl for-
mate leading to the formation of HCOOCH fragment and HCOOCH™
anion.

HCOOCH; + e —» HCOOCH™ + 2H, AE; = 6.71eV (2a)

We also considered the case in which two H bonds are
disrupted in different parts of the molecule, i.e. formation of
COOCH,. However, COOCH, anion is unstable as its EA is
negative (Table 1). The calculated threshold of reaction (Eq.
(2a)) is below the experimental ones and thus, is thermody-
namically accessible. The excess energy may be partitioned into
the excitation and/or kinetic energies of fragments. We explored
the possibility that instead of a release of two H atoms, a
hydrogen molecule H, could be formed, as it has been identi-
fied in DEA to some hydrogen bearing compounds (Ribar et al.
2016; Ptasinska et al. 2005¢). For this case, the anion would be
formed as:

HCOOCH; + e - HCOOCH™ + Hy, AE, = 2.51eV. (2b)

The formation of this H, molecule is associated with an acti-
vation barrier. Thus, we have investigated the potential energy
surface to see if this reaction (Eq. (2b)) would be energetically
possible. Figure 3 shows free reaction energy for the H, elim-
ination in the neutral methyl formate (blue) and in the anionic
methyl formate (red). It is obvious that the presence of the extra
electron lowers the activation barrier by nearly 1 eV (4.18 eV for
neutral and 3.25eV for anion), which is in agreement with the
positive EA of the HCOOCH fragment of 0.95eV (Table 1). In
the case of the methyl formate anion, the elimination of H, leads
to the formation of HCOOCH™ anion in cis formation (AE, =
2.62 eV) that can lead via rotation to the more stable trans struc-
ture (AE; = 2.51eV). In both cases, neutral and anion, the activa-
tion barriers are well below the lowest experimental threshold of
7.5 = 0.2 eV and thus, the formation of H, molecule is energeti-
cally possible, however, further experimental evidence would be
needed to prove this proposition.

4.2. CH;O™ and CHO™

The CH30™ and CHO™ anions were found in the ISM and their
important role in the formation of complex organic molecules
was postulated (Bacmann & Faure 2016). Their formation upon
DEA to methyl formate may provide an additional source of
their origin, considering they have the highest yields in the case
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of DEA to methyl formate. The abundance ratio for CH;0~
and CHO™ is about 3:1, indicating a DEA cross section of the
same order of magnitude. We note in this context that the corre-
sponding EAs for these anions are 1.55eV and 0.33 eV, respec-
tively (Table 1). They are generated by simple C—O bond cleav-
age leading to one anion and the neutral counterpart, as shown
schematically in Fig. 1. In this case CHO and OCHj; compete for
the electron. The bond dissociation energy was calculated to be
4.26eV (G4 energy at 0K to dissociate neutral methyl formate
is 3.76 eV). In order to elucidate the competition between these
two channels further, we scanned parts of the potential energy
surface of methyl formate. We find that the excess charge asymp-
totically accumulates at the CH30 moiety upon elongation of the
C—-0 bond length beyond about 2.1 A, which is in line also with
the significantly larger EA of CH30 (1.55eV) compared to the
EA of CHO (0.33 eV). This promotes formation of CH;O™ rather
than formation of CHO™. As these anions are formed by cleavage
of the HCO—OCH3; bond specific for this molecule, it is not sur-
prising that above mentioned anion species were not observed
in DEA to the acetic acid, as well as to other organic acids
(Sailer et al. 2003; Pelc et al. 2002, 2004). Instead both fragment
anions were mentioned as DEA products in case of glycolalde-
hyde (Ptasifiska et al. 2005b), however, the formation of CH;0~
from glycolaldehyde requires bond cleavage and H transfer. We
note that the formation of both anions CH30~ and CHO™ in case
of glycolaldehyde (Ptasifiska et al. 2005b) showed resonances at
different electron energies than in the case of methyl formate,
and thus, the three isomers of [C,H40;] can be distinguished
based on the detection of these fragment anions at different elec-
tron energies.

The metoxy radical anion CH30O~ may be formed via follow-
ing reaction channels:

HCOOCH; + e — CH;0™ + CHO,  AE, =222¢eV  (3a)
HCOOCH; +e — CH;0™ +C+OH, AE, =9.27eV  (3b)
HCOOCH; +e — CH;0™ + CO+H, AE, =259eV (3¢
HCOOCH; + ¢ — CH;0™ + CH+ O, AE, = 10.17eV. (3d)

The calculated values of reaction energy thresholds are in
two energy regimes of about 2 eV (2.22 eV and 2.59 eV for chan-
nel (Eqgs. (3a) and (3¢)) and additionally above 9eV (9.27 eV and
10.17eV for reaction (Egs. (3b) and (3d)), respectively). This
also shows that reaction route (Eq. (3a)), where only one bond
is broken is energetically favored. The present ion yield reveals
three main resonance features in the energy ranges of about
2eV4eV, 45eV-6.5eV and 7eV-11eV. The corresponding
peak maxima are 3.4 + 0.1eV, 5.6 £ 0.1eV and 7.6 = 0.1eV.
Moreover, the anion yield shows a weak peak at energies close
to 0eV. Considering the thermochemistry of the reaction chan-
nels (Egs. (3a)—(3d)), this peak can be assigned as DEA to some
impurity leading to the formation of an anion with the same
nominal mass of CH3O~ at this electron energy. The asym-
metric shape and the long tail of the resonance peak ranged
from about 7eV to 11 eV suggest the existence of another weak
resonance peaking at energy of 8.3 + 0.1eV. The estimated
appearance energies of these four resonances (excluding the one
close to 0eV) are 2.5 + 0.2eV, 4.3 £ 0.2eV, 7.0 £ 0.2eV and
7.4 £ 0.2eV, respectively. By comparison of the experimental
AEs with the theoretical AE;, only reaction channels (Eqgs. (3a)
and (3c¢)) are accessible. The other reaction routes (Eqs. (3b) and
(3d)) have their calculated thresholds about 2 eV above the high-
est AE measured for the CH30™ anion. The first two resonances
at3.3eV and 5.6 eV may be thus attributed to reaction (Egs. (3a)
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and (3¢)), respectively. The excess energy deposited in the tran-
sient negative ion for the next two resonances may lead to: (i)
electronic excitation where the energy will be used for excita-
tion and kinetic energy of fragments, (ii) change to different con-
former forms and/or (iii) structural reorganization of the CH;O~
anion into another structure. Regarding the third possibility, the
anion structure of HOCH, may be considered, but this fragment
has negative EA (see Table 1) making its formation unfavorable.

The complementary anion to CH3O~ with respect to the
breaking of C—O bond is the CHO™ anion. The following reac-
tion channels may be considered for its formation with the
respective calculated reaction thresholds:

HCOOCH3 + e - CHO™ + CH30, AE; =3.43eV
HCOOCH; +e - CHO™ + CH3 + O, AE; =6.92¢eV.

(4a)
(4b)

Similarly to the formation of CH3O~ via channel (Eq. (3a)),
also the complementary reaction channel (Eq. (4a)) involv-
ing single bond breaking needs the lowest amount of energy
(3.43 V) for activation. The reaction (Eq. (4b)) where two bonds
need to be broken requires about the double amount of the
energy compared to (Eq. (4a)). The measured CHO™ ion sig-
nal shows that this ion is formed in the broad energy region from
about 7eV to 12eV. Like in the case of the CH30~ anion, a
sample impurity leads to the weak peak observed at about OeV.
In the energy region of 7eV-12eV we observe one major res-
onance at 7.8 + 0.1 eV. Additionally, the closer inspection of
the ion yield indicates another resonance at 8.8 + 0.1 eV, which
is more pronounced than for the CH3O~ channel. The appear-
ance energy of main resonance was estimated to 7.2 = 0.2¢eV.
Within the calculated thermochemical thresholds this resonance
may be assigned to both reaction channels (Egs. (4a) and (4b))
as their AE; =3.43eV and 6.92 eV, respectively. The AE of the
resonance at 8.8 eV is estimated to 7.8 + 0.2eV, hence again
also in the formation of CHO™ at this electron energy both reac-
tion (Eqgs. (4a) and (4b)) are energetically open. However, fur-
ther studies are required to clearly distinguish which channel is
responsible for specified DEA resonance.

4.3. CHO, and O~

The CHO; anion is formed with rather low efficiency in DEA to
methyl formate. The ratio of the ion current for this anion and
the most intense anion CH3O™ is about 1/50. The CHO; anion
was also detected in previous studies of low energy electron
interaction with acetic acid and glycolaldehyde as well as with
other organic acids (Sailer et al. 2003; Ptasiniska et al. 2005b;
Pelc et al. 2002, 2004, 2005). With respect ot the three iso-
mers (methyl formate, acetic acid, glycolaldehyde), the CHO;
anion can be formed by a simple bond cleavage only in the case
of methyl formate. Moreover, the anion CHO, with structure
of HCOO™ was always one of the most effectively generated
anions in DEA to simplest organic acids. We note a high pos-
itive EA of HCOO to be 3.6 eV (Table 1). In the case of organic
acids, the HCOO™ anion was observed at low electron energies
between 1eV and 4eV corresponding to single bond breaking
in the organic acid molecule. In the case of methyl formate the
HCOO™ anion may be formed most likely via following reaction
channels:

HCOOCH; + e — HCOO™ + CHs,
HCOOCH; + e - HCOO™ + CH; + H,
HCOOCH; + e - HCOO™ + CH + 2H,

AE, = -0.22¢eV (5a)
AE, =4.23eV (5b)
AE, =8.58¢eV (5¢)



L. Feketeova et al.: Dissociation of methyl formate (HCOOCH;) molecules upon low-energy electron attachment

HCOOCH3 + e - HCOO™ + C+3H, AE,=11.53eV (5d)
HCOOCH; +e - HCOO™ + CH+ H,, AE,=4.07¢eV (5e)
HCOOCH;3; + e - HCOO™ + C+ H + Hy, AE, =7.33eV. (5f)

Reaction (Eq. (5a)) is the only exothermic DEA channel
(AE; =-0.22¢eV) in the case of methyl formate and thus possible
at low electron energies. In fact, the HCOO™ ion yield reveals a
low energy resonance with maximum at 2.3 + 0.1eV (Fig. 2).
The AE of this resonance is 1.6 + 0.2eV. Hence, we assign
this resonance to the DEA process (Eq. (5a)). The HCOO™
is also formed at higher electron energies from about 7eV to
12 eV where another prominent ion yield is observed. The more
detailed analysis of this ion yield reveals three different reso-
nances with maxima at 8.2 = 0.1eV, 10.1 £ 0.1eV and 10.9 +
0.1eV. The AEs obtained for these high energy resonances are
74 +£0.2eV, 82 £ 0.2eV and 8.8 = 0.2¢eV, respectively. The
anion formation at the 8.2 eV and 10.1 eV resonances may there-
fore correspond to the DEA processes in methyl formate, where
the methyl group undergoes additional fragmentation (Egs. (5b)
and (5¢)). The ion yield of HCOO™ increases further at ener-
gies above about 12 eV which may be assigned to reaction (Eq.
(5d)). Nevertheless, at such high energies also the ion pair for-
mation is energetically accessible as the ionization energy for
CHj; is 9.84eV (Linstrom & Mallard 2017). Since a step-wise
dissociation can be expected, one can consider the elimination
of H, molecule in the first step as shown in Fig. 3 leading to
the anion HCOOCH™ followed by a cleavage of a single bond
to form HCOO™. The calculated activation barrier of 3.25eV is
well below the AE; for both reactions 5e and 5f, considering the
formation of H, molecule. However, the detection of the neu-
trals would be required to prove this possibility. We note that the
CHOj; anion may be also formed in another structure, namely
COOH™. This anion can arise from the reactions similar to the
HCOO™ case with dissociation to the same neutral fragments
like in the reactions (Egs. (5a)—(5¢)). The energetically favorable
channel with generation of COOH™ and methyl radical is asso-
ciated with calculated energetic threshold of 1.28 eV, therefore
it is accessible for all measured resonances. However, the gen-
eration of the COOH™ anion requires strong rearrangement of
bonds in the parent molecule, and hence seems much less prob-
able than the HCOO™ formation associated with a single bond
cleavage. Moreover, the values of calculated EAs for HCOO
and COOH fragments (Table 1) firmly promote the formation
of CHO; anion in the structure of HCOO™ instead of COOH™.

The atomic oxygen anion has already been detected in
studies of low energy electron interactions with organic acids
including acetic acid and glycolaldehyde (Sailer et al. 2003;
Ptasinska et al. 2005b; Pelc et al. 2002, 2004). In the present
experiment, we were able to detect signals at m/z =16, which
would correspond to formation of O~ formation. The ion yield
exhibits three resonances with maxima at 7.0 + 0.1eV, 8.9 =
0.1eV and 11.3 + 0.1eV. Peak position as well as shape of
the resonance yield (three resonances with raising intensity)
resembles that of O~ formed upon DEA to water (Fedor et al.
2006) and hence we assign the present measured O~ yield to an
impurity. We note that O~ was the fifth-strongest anion among
twelve fragment anions reported in DEA to the glycolaldehyde
monomer (Ptasifiska et al. 2005b). The O~ anion generation was
also reported in DEA to acetic acid (Sailer et al. 2003) where
O~ was observed at two resonances energies of about 5.5eV
and 9.5 eV, though its abundance was second-weakest among all
fragment anions reported. Calculations for the acetic acid anion
indicated that O~ is formed by cleavage of the C—O bond after H

abstraction, while the direct cleavage of the C=0 bond does not
lead to formation of the O~ anion (Meneses et al. 2017). These
predictions on the dissociation dynamics are in line with the
present results for methyl formate, where the formation of O~
seems to be completely blocked by the presence of the methyl
group. A similar effect in electron-induced chemistry was pre-
viously shown for single hydrogen loss in DEA to nucleobases
(Ptasifiska et al. 2005a) as well as in few fragmentation channels
of nitroimidazoles upon DEA (Tanzer et al. 2014). However, in
the latter study this effect was restricted to electron energies
below 2eV.

5. Conclusions

We studied dissociative electron attachment to methyl formate
in the gas phase using electron attachment spectroscopy. Methyl
formate is an important astrochemical molecule with a possible
role in the formation of more complex compounds like for exam-
ple amino acids. The efficiency of anion formation upon electron
attachment as well as the study of decomposition processes of
methyl formate anion are therefore crucial points that must be
addressed regarding chemical evolution processes. Indeed, pro-
nounced differences with respect to the decomposition of the two
isomers, acetic acid and glycolaldehyde can be observed here.
We detected five anionic species in the electron energy range of
about O eV to 15eV. The most abundant anion fragments formed
through DEA to methyl formate are the complementary anions
CH;O™ and CHO™ associated with single bond cleavage and
a competition of the two fragments for the extra electron. This
bond dissociation energy was calculated to be 4.26 eV. We note
that the formation of CH;0O~ and CHO differs for the three iso-
mers [C,H40;] making it possible to distinguish them based
on the detection of these fragment anions at different electron
energies.

Additionally, we measured the CHO, anion. These three
anion species were found in the ISM and their important role in
the formation of complex organic molecules is postulated. Inter-
estingly, reaction channels which lead to formation of O~ and
OH™ seem to be completely blocked in the case of methyl for-
mate, demonstrating that the dissociation pathways are strongly
dependent on the isomeric structure of C;H40,.
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