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nant states. Experimentally, we (i) use the two-dimensional electron energy loss spectroscopy to
gain the information about the vibrational excitation and (ii) report the absolute dissociative elec-

tron attachment cross sections. The electron scattering spectra reveal both the threshold effects
due to the long-range electron-molecule interaction and a pronounced n* resonance centered
around 2.1 eV. This resonance gives rise to dissociative electron attachment into three different
anionic channels, the strongest one being the production of the formate anion. Theoretically, we
characterize this resonant state using the complex absorbing potential approach combined with
multistate multireference perturbation theory, which predicts its position and width in an excellent

agreement with the experiment.

1 Introduction

Electron collisions with methyl formate, HCOOCHj3, are interest-
ing from the astrochemical point of view. This molecule has been
detected in a number of outer space environments such as dense
molecular clouds !, molecular cores 2, or comets 3. Its pres-
ence in these environments has inspired a large number of stud-
ies dedicated to elucidate its possible formation and destruction
pathways 4. These were mainly focused on the neutral path-
ways and heterogeneous chemistry in ice cores, with one study of
fragmentation induced by low-energy electrons. '

It is believed that in the interstellar space with low particle den-
sity, the decomposition reactions are to a large degree initiated by
UV light, X-rays and cosmic rays (most of which are high-energy
protons). When a high-energy radiation interacts with an inter-
stellar icy grains that probably serve as reservoirs for chemical
reactions, it produces an avalanche of secondary electrons - one
high energy proton may release 10* secondary electrons in its pas-
sage through a single ice-covered dust grain.!! These secondary
electrons have mean kinetic energies below 20 eV and may them-
Three decomposition
processes can be operative upon electron impact in this energy

selves trigger molecular decomposition.

range: dissociation into neutral fragments, positive dissociative
ionization and dissociative electron attachment (DEA). While the
cross sections for the first two processes usually have thresholds
in the 6 to 12 €V range and peak around 100 eV, the DEA process
is resonant: it proceeds via formation of a transient negative ion
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and commonly reaches very high cross sections at electron ener-
gies below 10 eV. It can thus represent an efficient decomposition
process operative in the interstellar environment. 12 Recently, the
DEA fragmentation pathways of methyl formate were reported
qualitatively 10 and a rich fragmentation pattern was found.

Methyl formate is an interesting target for electron collisions
also from a purely fundamental point of view. The reason for it
is that it is a methylated derivative of formic acid HCOOH. Reso-
nant states and DEA mechanism in the latter have attracted a lot
of attention, since two seemingly different mechanisms can play a
role in its O-H bond cleavage induced by low-energy electrons: ei-
ther a formation of ©* resonance associated with the double C=0
bond, 13 or the formation of a dipole-supported ¢* resonance as-
sociated with the O—H bond.# The former mechanism requires
breaking of the planar symmetry during the O-H dissociation and
it has been suggested!3 that it is the motion of the C-H bond
(nondissociating hydrogen) which allows this dissociation. How-
ever, it has been shown experimentally, that the motion of the
H atom has a very small (but observable) effect on the resulting
cross section. Recently it has been suggested !° that this might be
a purely academic dispute, since upon any breaking of the planar
symmetry these two processes become indistinguishable. In any
case, the vibrational excitation in formic acid is also intriguing: 1°
the 7* resonance is visible in all the vibrational excitation cross
sections, apart from the actual O-H stretch, which shows only a
broad threshold peak with narrow cusp structures.

In this respect, methylating the oxygen site and thus taking
the methyl formate HCOOCH3 as the target system, is potentially
interesting from several reasons. The methyl group should shift
the energy of the n* resonance higher due to the inductive effect

Journal Name, [year], [vol], 1-7 |1



known from the molecular orbital theory. At the same time, the
dipole moment - a crucial factor in the o*(O-H) process - does not
change much (1.42 D in formic acid, 1.77 D in methyl formate).
And finally, since the whole methyl group is leaving instead of just
an H-atom, the dynamical equilibrium is strongly shifted towards
the electron autodetachment.

In the present paper, we experimentally probe the resonances
in methylformate by means of electron energy loss spectroscopy
and quantitative DEA spectroscopy. The computed resonance po-
sition and width support an assignment of the main resonance in
the DEA cross-section to a ©* resonance.

2 Experiment

Three experimental setups were used.

The electron energy loss spectra were measured on the elec-
trostatic spectrometer !7-18 where the incident electron beam is
produced by a hemispherical monochromator and the scattered
electrons are analyzed by a hemispherical analyzer. All present
experiments were recorded at a constant scattering angle of 135°.
The elastic scattering cross section is brought to the absolute scale
by comparison with the elastic scattering on helium, using the
relative flow method as described in Ref 19. The error of abso-
lute calibration is +20%. The vibrationally inelastic cross sections
in methyl formate are calibrated with respect to its elastic cross
sections by recording electron energy loss spectrum at constant
incident energy and comparing the areas under the elastic and
inelastic peak. Since the individual vibrations are not fully re-
solved, these vibrationally inelastic cross sections should be taken
as indicative, we do not attempt to deconvolute the contributions
from individual vibrations.

The dissociative electron attachment data are a combination
of data taken on two different setups . First, the ion yield
curves were recorded on a trochoidal DEA spectrometer with a
quadrupole mass analyzer. 2%2! Then, the absolute DEA cross sec-
tions were measured using the quantitative DEA spectrometer
with a time-of-flight mass analyzer. 2223 The first quadrupole ap-
paratus has better electron energy resolution (approx. 100 meV)
than the second time-of-flight apparatus (approx. 250 meV),
where the resolution is deteriorated by pickup of the high voltage
pulsing signal. The final cross sections were obtained by scaling
the quadrupole-setup ion yields to the time-of-flight setup abso-
lute values using the invariance of the energy-integrated cross
section. The electron energy scale and the absolute cross sec-
tion were calibrated using the 4.4 eV resonance in O~ production
from CO,. This resonance has a sharp onset at 3.99 €V and its
shape has been measured with high energy resolution.2* The cal-
ibration shift and the resolution are determined by convoluting
the high-resolution spectrum2* with a Gaussian of variable width
and by fitting this width and energy shift to the current O~ /CO,
data.

3 Complex absorbing potential calculations

The position and width of the 7* electronic resonance were com-
puted using complex absorbing potential technique combined
with extended multiconfigurational quasidegenerate perturbation
theory of second order2®. cc-pVQZ valence basis was augmented
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Fig. 1 Two dimensional electron energy loss spectrum of HCOOCHs;.

Table 1 Normal vibrational modes of methyl formate. The mode number-
ing, descriptions and optically measured frequencies are taken from Ref.
26.

Mode Approximate description Energy (meV)
Vi CH3 asymmetric stretching 378
%] CH3 symmetric stretching 368
V3 CH stretching 365
Vs Cc=0 stretching 217
Vs CH3 asymmetric bending 182
Ve CHs symmetric bending 179
\Z CH in plane bending 170
V8 CH3 in plane rocking 153
Vy C-0 stretching 150
Vio H3C-O  stretching 115
Vi1 (e]¢{0] bending 95
Vi COC bending 40
Vi3 CH3; asymmetric stretching 373
Via CH3 asymmetric bending 180
Vis CHj; out of plane rocking 145
Vie CH out of plane bending 128
V17 COC out of plane bending (torsion) -
Vig CH3-O  torsion -

with 3 even-tempered diffuse basis functions added to 6 ghost
atoms located 1 A above and below C; plane at the positions
of two oxygen atoms and carbonyl carbon atom (24 diffuse ba-
sis functions in total). The ghost atoms are fictitious charge-less
atoms carrying basis functions. A p-type diffuse basis function
with an exponent 1x10~° was added to the basis set to mimic ion-
ization. State-average CASSCF(5/11) calculation was performed
with averaging over 12 states. The CAP onset along x,y, and z
directions of 8 bohr was used for CAP-XMCQDPT?2 calculation.

4 Results and discussion

4.1 Elastic scattering and vibrational excitation

Figure 1 shows the two-dimensional electron energy loss spec-
trum of methylformate recorded at the 135° scattering angle. The
2D spectrum provides a unified picture of the energy loss pro-
cesses: 2728 the electron with the incident energy E; (y-axis) has
after the collision a smaller residual E, and thus leaves its energy
loss AE = E; — E, (x-axis) in form of the internal energy of the
molecule. The vertical lines, clearly visible on the 2D spectrum,
thus symbolize the excitation of individual vibrational modes (the
strong line at AE = 0 €V corresponds to the elastically scattered
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Fig. 2 Electron energy loss spectra of HCOOCH; recorded at two inci-
dent electron energies.

electrons). The intensity variations along these lines reflect the
changes of the efficiency of vibrational excitation with the inci-
dent energy. Apart from vertical lines, a blurred signal across
basically all energy losses - unspecific vibrational excitation - is
visible in the incident energy range between 1.5 and 2.5 €V.
Figure 2 shows the electron energy loss spectra recorded at
two different incident energies. They in principle correspond to
the horizontal intensity cuts across the 2D spectrum along con-
stant E; values, however, they were recorded independently for
improved signal-to-noise ratio. The vertical bars show the fre-
quencies of methyl formate’s normal modes from the optical IR
spectroscopy. 26 The numbering of the modes follows the notation
of Ref. 26. Table 1 lists the excitation energies and description of
these modes. The electron impact vibrational excitation generally
does not follow the optical selection rules and intensities, how-
ever, especially in non-resonant regions, it may be interesting to
compare the excitation profile with the one expected based on the
direct dipole excitation. We have thus calculated the expected IR
intensities at MP2/aug-cc-pVTZ level, also shown in figure 2
Several remarks can be made about the excitation of various vi-
brational modes. At the incident energy E; = 0.5 €V, the intensity
profile actually closely follows the predicted IR intensities. This
is not surprising: this incident energy lies close to the threshold
for all these vibrations. Here, the mechanism of vibrational exci-
tation is mainly due to long-range electron molecule interaction,
mediated by the methyl formate’s dipole moment. The dominant
vibration is the C-O stretch vg, other excited modes are the C-O-
C bend v, O-CHj3 stretch vyg, C=0 stretch v4, and unresolved
groups of CH bending (vs,ve,v7) and stretching (vy,v;,v3) modes.
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Fig. 3 Excitation curves of individual energy losses. The mode designa-
tions indicate the dominant vibration or group of vibrations contributing to
this energy loss. The magnified part in the A =150 meV spectrum was
recorded separately for better signal to noise ratio.

The situation is somewhat different in the resonance region.
At the incident energy E; = 2.1 €V, the dominant inelastic energy
loss band is still the C-O stretch v9. However, there is a clear
relative increase of v4, C=0 stretch and the C-H stretching modes
vi,v2,v3. The vyg, vo and vs peaks are much less resolved than
in the non-resonant region, the resonance formation leads also to
excitation of vibrations which lie between them: C-H out of plane
bending vi¢ and C-H in plane bending v;. Also, the excitation of
the overtones and combination vibrations is much more efficient
at this incident energy. Their exact assignment is not possible,
however, the progression of peaks visible between 0.2 and 0.4 eV
has an approximate spacing of 40 meV from the v4 peak, it can
thus be assigned to a combination of the C=0 stretch and the
0-C-O bend, v4 +nvip,n=1,2.

Figure 3 shows the excitation curves of individual energy
losses, recorded at the positions marked in figure 2 by blue bars.
In such a spectrum, the energy loss (= difference between the
electron monochromator and analyser) is kept constant and the
signal is recorded as a function of E;. The spectra thus reflect the
probability of excitation of the given energy loss. The individual
panels are labeled by the dominant vibration contributing to this
energy loss. The elastic scattering cross section, corresponding
to zero energy loss, steeply rises at very low electron energies, a
common effect in polar molecules.2® Apart from this, the cross
section shows a broad minimum around 2 eV. This decrease is
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probably caused by the probability flux conservation - as seen be-
low, at this energy the cross section for all the vibrational excita-
tion channels rises, the number of elastically scattered electrons
thus decreases.

The excitation curves for all the vibrational modes have sim-
ilar shapes. Close to threshold, the excitation curve shows a
pronounced peak. Again, such threshold peaks are common in
all polar molecules.2® Almost all present threshold peaks show a
seeming structure, however, this is largely due to the fact that we
do not fully resolve the individual vibrations. When a neighbour-
ing vibration falls within the resolution of the spectrometer, its
threshold peak will be visible in the excitation curve of the mea-
sured vibration, albeit at a different threshold, hence creating a
secondary maximum in the recorded signal. This is unfortunate,
especially from the point of view of the O-CHj stretching mode.
In formic acid, HCOOH, the threshold peak of the O-H stretching
vibration shows pronounced structures - vibrational Feschbach
resonances - caused by the long-range molecule interaction. We
cannot conclusively say, whether these structures are present also
in the methyl formate.

The 2.1 eV resonance is visible in all the excitation curves. The
C-O stretch excitation even shows a pronounced oscillatory struc-
ture superimposed on the resonance band. These are well known
boomerang oscillations, created by the superposition of the out-
going and incoming nuclear wave packet. Again, the comparison
with the formic acid case, where the 7* resonance was visible in
all the excitations except for the O-H stretch, is complicated by
the overlapping vibrations. There is a clear maximum in the ex-
citation curve at AE = 117 meV, but the spectrometer does not
sample exclusively the O-CHj3 vibration.

We finally turn our attention to the unspecific vibrational ex-
citation - the blurred signal visible in the center of the two-
dimensional spectrum. It means, that in the incident energy range
of the 7* shape resonance, a certain fraction of electrons is ejected
with a continuous distribution of residual energies. Such an ef-
fect has been observed in a number of molecules3C and is caused
by the internal vibrational redistribution on the anion potential
surface: upon formation of the resonance, the excess energy is
randomized over the vibrational degrees of freedom and the elec-
trons are emitted statistically.

Figure 4 shows the spectra of these electrons in detail. The top
panel is the energy loss spectrum at a constant incident energy
of E; = 2.1 eV - a horizontal cut trough the 2D spectrum (the
same as in figure 2, here shown in the full energy loss scale).
The electrons with an energy loss close to the incident energy of
2.1 eV are those emitted with near zero residual energies (E, =
E; — AE). The spectra are in principle similar to those observed in
formic acid 1 and a number of other molecules, with one notable
difference. Usually, the abundance of statistical electrons shows
a clear Boltzmann-like maximum at E, close to zero. In figure 4a
this would correspond to the peak at the complete energy loss
of 2.1 éV. We see no such clear maximum, which may suggest
electron detachment prior to the complete randomization of the
excess energy.

The bottom panel of figure 4 shows the energy loss spectrum
recorded at a constant residual energy of E, = 0.1 ¢V. Such a
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Fig. 4 Two spectra demonstrating the character of the unspecific vi-
brational excitation. Top panel: constant incident energy spectrum at
E; =2.1 eV in the full energy loss scale. Bottom panel: energy loss spec-
trum recorded at constant residual energy of 0.1 eV.

spectrum in principle represents an intensity profile across the
2D spectrum along the diagonal marked in figure 1 and maps
the abundance of threshold electrons as a function of the inci-
dent electron energy. This abundance clearly follows the entrance
channel: formation of the 2.1 eV resonance.

4.2 Theoretical characterization of the resonance

The position and width of the n* electronic resonance were com-
puted using complex absorbing potential technique,3! combined
with extended multiconfigurational quasidegenerate perturbation
theory of second order perturbation theory [24]. CAP techniques
allows one to extract the resonance position and width from
a stationary point of the so-called n-trajectory, describing the

-0.1-

-T, eV

-0.3

ER,CV

Fig. 5 CAP-XCMQDPT2/SA-12-CASSCF(5/11)/cc-pVQZ+6gh[3s] 7*
resonance 1n-trajectory.
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Fig. 6 SA-12-CASSCF(5/11) natural orbital predominantly singly occu-
pied in the resonance state.

Cross section (pmz)

Electron energy (eV)

Fig. 7 Cross sections for dissociative electron attachment to HCOOCHj.

dependence of the complex eigenvalue of non-Hermitian CAP-
augmented Hamiltonian on the CAP strength strength parame-
ter n (Refs. 31,32 and refs. therein). The position and width of
the resonance has been identified based on the minimum loga-
rithmic velocity criterion.3! The trajectory exhibits a single sta-
tionary point associated with a cusp (Fig. 5) and allows one to
unambiguously extract the estimates of the resonance position
(Eg=2.34 eV) and electronic width (0.187 eV). Computed reso-
nance position is an excellent agreement with the experiment.
The state is dominated by a configuration in which the ©* or-
bital (Fig. 6 ) is singly occupied. The actual scattering wavefunc-
tion lies in the continuum, however, the simplified picture of the
2.1 eV resonance as a temporal occupation of this orbital by the
impinging electron sheds light in the experimental observations.
The order of the bonds along which the orbital is antibonding
will decrease upon the resonance formation, the potential energy
gradient will thus induce the motion of nuclei in the directions

This journal is © The Royal Society of Chemistry [year]

perpendicular of these nodal planes. The strong excitation of C-O
stretch (v9) and C=O0 stretch (v4) vibrations is thus driven by this
motion.

The strong excitation of the bending modes and the O-CHj
stretch mode suggest an efficient breaking of the planar symme-
try, which is necessary to make the anion potential surface disso-
ciative in the direction of this mode. This will play a role in the
DEA mechanism discussed below.

4.3 Dissociative electron attachment

Figure 7 shows partial cross sections for three DEA fragments:
HCOO~, resulting from the cleavage of the O-CH; bond, OCH;,
resulting from the cleavage of the C-O bond; and COOCHj3, re-
sulting from the cleavage of one of the C-H bonds. The relative
ion yield curves corresponding to these processes were recently
reported by Feketeova et al.19 and are in excellent agreement
with the present data. There are additional DEA bands above
5 €V electron energy. We do not discuss them here, since they are
mediated by formation of core-excited resonances, which are not
manifested in the electron scattering cross sections.

Table 2 Computed CCSD(T)/aug-cc-pVTZ threshold energies (eV) for
formation of anionic fragments. The geometry optimization and fre-
quency calculation was performed at MP2/aug-cc-pVTZ level of theory.

Dissociation channel AE  E; =AE+AZPE
HCOOCH3; — HCOO™ + CH; 0.64 0.30
HCOOCH3 — OCHj5 + HCO' 3.07 2.70
HCOOCH; — COOCH; + H' 3.28 2.83
HCOOCH;3; — HCOOCH, + H  4.04 3.61

The vertical marks in figure 7 denote the positions of energetic
thresholds obtained as the difference of total energies of the re-
actants and products including the zero point energies (AZPE).
These are separately listed in table 2. For the COOCH; fragment,
the hydrogen can be cleaved from two sites: E;;; denotes the
threshold for removing it from the C=0 site, E;;» the threshold
from removing it from the methyl group. The experimental sig-
nal clearly appears below the latter one and has a sharp onset at
E;;1, we thus conclude that H-atom is cleaved from the C=0O site.
For the OCH; fragment, the signal also appears at the threshold,
but, interestingly, has a much shallower onset. Comparison with
the vibrational excitation cross sections reveals the dissociation
mechanism for these channels. The formation of the n* reso-
nance leads to nuclear motion both in the direction of stretching
the C-O bond (v9) and stretching of the C-H bond (v3) - this is
manifested by the efficient excitation of the corresponding vibra-
tions. As soon as the available energy exceeds the dissociative
threshold of a given bond, this initial nuclear motion leads to the
dissociation of this bond.

The strongest DEA fragment HCOO~ has a surprisingly low
threshold of E;, = 0.3 eV. However, the signal appears only at
the region of the 7* resonance and copies the shape of the vibra-
tional excitation cross sections. This means that the O-CH3 bond
cleavage is certainly mediated by the formation of this resonance.
It is clearly not dissociative along merely stretching the O-CHj
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bond, the dissociation thus has to be accompanied by bending of
the molecule. This is in accord with the strong excitation of bend-
ing modes and combination bands in the vibrational excitation at
2.1eV.

The absence of anion formation at the predicted energetic
threshold is in a way surprising from the point of view of the
formic acid problem outlined in the introduction. In HCOOH, the
HCOO™ anion is formed at its threshold. One of the two sug-
gested DEA mechanisms - which received strong support from
the experiments with partially deuterated formic acid33 - is the
dipole-supported o* resonance. The phrasing ’dipole supported’
is crucial. In molecules without considerable long range interac-
tions, o* resonances normally lead to very low DEA cross sections
due to a small barrier towards electron detachment. The presence
of a strong dipole moment (or even high polarizability in a non-
polar molecule34) can lead to the existence of a dipole-bound
or virtual state in the scattering. The interaction of such a scat-
tering state with the o* state causes a dramatic increase in the
dissociative cross section. Such a cross section has then typically
a sharp onset at the energetic threshold. Prototypical molecules
where this mechanism is operative are hydrogen halides. 3536 The
dipole moment of methyl formate (1.77 D) in principle opens this
possibility, however, no measurable HCOO™ signal has been de-
tected at the low energies around the threshold. It should be
noted that the data from the Innsbruck group° also do not show
any signal at these energies. We estimate that if there is a DEA sig-
nal in methyl formate that originates from the dipole-supported
0*(0-CH3) mechanism, its cross section has to be at least 20
times weaker than for the mechanism originating from the 7m*
resonance.

A possible reason of the absence of this mechanism could be a
dynamical effect: upon methylating the oxygen site, the compe-
tition between the electron detachment and dissociation moves
strongly in the favor of the former - the experimental energy-
integrated HCOO™ cross section in methyl formate is roughly 800
times smaller than that in the formic acid. The present findings
could be explained if the cross section for the threshold mech-
anism was more sensitive to the mass of the dissociating frag-
ment than the cross section for the n* resonance mechanism.
Indeed, the threshold dipole-supported mechanism shows very
strong mass dependence. For example, the calculated cross sec-
tion for hydrogen loss in formic acid drops by factor of 35 upon
deuteration?®, methylation of the site can thus completely sup-
press the mechanism.

5 Conclusions

In conclusion, we probed the low-energy electron-induced chem-
istry in methyl formate with respect to its vibrational excitation
and fragmentation via DEA. Both channels are dominated by the
formation of a 7* resonance centered around 2.3 €V. The com-
plex absorbing potential calculation reproduces the position of
this resonance in an excellent agreement with the experiment.
The strong excitation of the bending vibrations mediated by the
resonance explains the occurrence of DEA fragmentation chan-
nels, that are symmetry forbidden without bending distortion of
the molecular framework.
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This work has been partly motivated by the dispute about the
DEA mechanism of the dehydrogenation channel in formic acid
HCOOH leading to HCOO™~ production. The dissociative cross
section in for the equivalent channel in methyl formate is ap-
proximately 800 times lower than in HCOOH. This is expected,
since the methylation causes a strong shift of the dissociation-
autodetachment competition in favor of the autodetachment.
However, no DEA signal is observed close the its threshold, where
one could in principle expect occurrence of the dipole-supported
0*(0-CH3) mechanism. A possible explanation for the lack of this
signal could be its stronger dependence on the reduced mass of
the dissociating system than for a 7* resonance-mediated mecha-
nism.
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