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Dissociative electron transfer in collisions between neutral
potassium atoms and neutral ethanol molecules yields mainly
OH� , followed by C2H5O

� , O� , CH3
� and CH2

� . The dynamics of
negative ions have been investigated by recording time-of-
flight mass spectra in a wide range of collision energies from
17.5 to 350 eV in the lab frame, where the branching ratios
show a relevant energy dependence for low/intermediate
collision energies. The dominant fragmentation channel in the
whole energy range investigated has been assigned to the
hydroxyl anion in contrast to oxygen anion from dissociative
electron attachment (DEA) experiments. This result shows the
relevant role of the electron donor in the vicinity of the

temporary negative ion formed allowing access to reactions
which are not thermodynamically attained in DEA experiments.
The electronic state spectroscopy of such negative ions, was
obtained from potassium cation energy loss spectra in the
forward scattering direction at 205 eV impact energy, showing
a prevalent Feshbach resonance at 9.36�0.10 eV with s*

OH=s*
CH

character, while a less pronounced s*
OH contribution assigned to

a shape resonance has been obtained at 3.16�0.10 eV.
Quantum chemical calculations for the lowest-lying unoccupied
molecular orbitals in the presence of a potassium atom have
been performed to support the experimental findings.

1. Introduction

Ethanol (CH3CH2OH) and its isomer dimethyl ether (CH3OCH3)
are relevant chemical compounds within the interstellar
medium (ISM), although a general agreement has not been

reached yet within the international community as to the
formation routes of C2H5OH and CH3OCH3.

[1,2] Apart from gas-
phase reactions in different ISM environments that may lead to
such molecules formation, e.g., in low-, intermediate- and high-
mass star forming regions,[1,2] the proposed production routes
may also involve interstellar cold grains, and so more complex
surface induced reactions. For further details see Bergantini
et al.[1] and Charnley and co-workers[2] (and references therein).
Ethanol is also a relevant molecule within the Earth’s atmos-
phere, with emission sources identified from natural, biogenic
and anthropogenic origins, which may include natural plant
fermentation processes, biomass burning and as a solvent in
industrial/household applications, respectively.[3] From a global
effort to reduce fossil fuels use,[4,5] and thus emission of
greenhouse gases,[3,6] alcohol derivatives, including ethanol,
have been considered as alternative chemical compounds
acting as biofuels.[7–9]

Electron induced processes are prevalent in many different
scientific and technological applications and a powerful mean
to obtain spectroscopic information of key selected atomic and/
or molecular targets. Therefore, studying the behaviour of
electron interactions with ethanol is of pivotal relevance to
understand the underlying molecular mechanisms responsible
for anion formation and bond breaking. Low-energy electron
interactions with ethanol result in negative fragment ions, with
no evidence of parent anion formation.[10–16] This is in agree-
ment with previous electron transfer experiments in high-
energy (1–4 keV) collisions of H� , O� , and OH� with C2H5OH
molecules, albeit the differences observed in the anions’
fragmentation pattern and their relative yields.[17] Dissociative
electron attachment (DEA) experiments have been reported
previously, while a general consensus on the nature of the
accessible resonances has been reached. The lowest-lying shape
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resonance at ~2.8 eV has been assigned to a s*
OH antibonding

molecular orbital, whereas those above 6 eV (6.35, 7.85 and
9.15 eV) to core-excited Feshbach resonances of s*

OH=s*
CH

characters.[10–12] The electronic state spectroscopy of neutral and
negative ions has been probed by electron and photon
interaction processes, the former include electron
scattering,[18,19] electron impact spectroscopies[10,11,20–22] and the-
oretical methods on the vertical excitation energies of the
neutral molecule,[19,22,23] whereas the latter on the lowest-lying
neutral states by ultraviolet photoabsorption.[23–30] We also note
C2H5O� H bond dissociation energies from experimental[31,32] and
theoretical[31] methods, while electron driven dissociation from
the core-excited Feshbach resonance at 6.35 eV,[10,11] is closely
related to the parent Rydberg states in the high-resolution
photoabsorption spectrum of Barbosa et al.[30] at 6.809 eV.

In this work, charge transfer time-of-flight mass spectra of
anions formed in collisions between neutral potassium (K)
atoms and neutral ethanol (C2H5OH) molecules have been
investigated in the energy range from 17.5 to 350 eV in the
laboratory frame (8.5 to 170.4 eV in the centre-of-mass frame).
Additional relevant information has been obtained by recording
a energy loss spectrum of potassium cations formed after the
collision process in the forward scattering direction (θ�0°).
Complementary information on the electronic structure of
ethanol in presence of the potassium atom has been provided
by ab initio quantum chemical calculations revealing the role of
the most relevant lowest unoccupied molecular orbitals acces-
sible in the electron transfer process. Electron transfer in neutral
atom – neutral molecule collisions yielding ion-pair formation,
is mediated by the crossing of covalent and ionic potential
energy surfaces involving the atomic projectile and the
molecular target, resulting therefore in fragmentation patterns
that may differ from DEA processes.[33,34,43,44,35–42] For simplicity,
let us take the case of a diatomic molecule (M), where the ionic
potential energy curve lies above the covalent.[44] In the
asymptotic limit, the endoergicity (ΔE) is given by ΔE= IE(K)–
EA(M), with IE the ionisation energy of the potassium (K) atom
and EA the electron affinity of the molecule. Upon electron
transfer, K+M!(K+ M� #), and within the collision complex (K+

M� #), the Coulomb interaction may prevail, thus delaying
autodetachment long enough to allow intramolecular energy
redistribution of the temporary negative ion (TNI) through the
different available degrees of freedom. This may lead either to a
stable parent anion or different fragmentation channels.

In the next section, we describe the experimental and
theoretical methods, while section 3 is devoted to the results.
Finally, conclusions from this work are summarized in section 4.

2. Experimental and Theoretical Methodologies

Time-of-flight (TOF) negative ion mass spectra as a function of
the K+C2H5OH collision energy, as well as K+ energy loss
measurements, have been obtained in a crossed molecular
beam setup described elsewhere.[33,40,45] Briefly, a projectile
beam of fast neutral K atoms crossed at right angles an effusive
molecular beam target, and the product anions formed within

the electron transfer process were analysed using a linear TOF
mass spectrometer. The neutral K beam was produced in a
resonant charge exchange chamber from the interaction of K+

ions produced from a commercial ion source (HeatWave, US) in
the energy range of 17.5 up to 350 eV in the laboratory frame
(8.5 up to 170.4 eV in the centre-of-mass frame), with gas-phase
neutral K atoms from an oven source. From the resonant
charge-exchange process and the slits apertures, the potassium
beam is mainly composed of potassium atoms in the ground-
state configuration with its outermost electron as 4 s. This is
supported by the experimental thresholds of formation which
otherwise would result in values at lower energies (see
Section 3) if K* in a 4p state were to be a relevant contribution.
This is in accord with previous energy loss data from potassium
collisions with pyrimidine,[33] halothane,[46]

tetrachloromethane[45] and more recently with
hexachlorobenzene[36,47] and water[48] probed in our laboratory.

The base pressure in the collision chamber was 5×10� 5 Pa
and upon ethanol admission the working pressure was 1×10� 3

Pa. Anions formed in the collision region were extracted by a
pulsed electrostatic field (340 Vcm� 1). The TOF anion yields
were normalized to the primary beam current, pressure and
acquisition time, and mass spectra (m/Δm�125) were obtained
by subtracting background measurements (without the sample)
from the sample measurements. The TOF mass calibration was
performed from the well-known fragmentation patterns from
collisions of potassium atoms with CH3NO2 and/or CCl4
molecules.[45,49]

Potassium cations formed post-collision were energy loss
analysed in the forward scattering direction (θ�0°), while
experiments were not performed in coincidence with TOF mass
spectrometry. The analyser was operated in constant trans-
mission mode, hence keeping the resolution constant through-
out the entire scans. The estimated energy resolution during
the experiments was ~1.2�0.2 eV. The energy loss scale was
calibrated using the K+ beam profile from the potassium ion
source serving as the elastic peak. C2H5OH was supplied by
Sigma-Aldrich with a stated purity�99.8% and was degassed
through repeated freeze-pump-thaw cycles.

Finally, the different fragment anions thresholds in Figure 2
have been obtained from the TOF mass spectra, accounting for
the ability to get a discernible signal at a given energy. From
the energy resolution of the current experiments, we have
scanned the collision energy of �0.5 eV from the expected
energy for reactions (1)–(9) (see below).

2.1. Theoretical Method

Electronic structure investigations of the molecular orbitals
(MOs) formed in collisions between potassium (K) atoms and
ethanol (C2H5OH) have been performed to provide insight into
the electron transfer process up to �12 eV. In particular, the
analysis of the computed lowest unoccupied molecular orbitals
is crucial to assess the nature of the different electronic states
that result in the detected negative ions of the current
experiments.
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The geometry of ethanol+potassium system was initially
optimised at the ωB97xD/gen level of theory and the equili-
brium distance between the potassium K and oxygen O atoms
is 2.73 Å. The ωB97XD is a range-separated version of Becke’s
97 functional with additional dispersion correction is a good
functional for determining excitation energies. The coordinates
of the resulting optimised system can be seen in Figure 1. All
quantum chemical investigations have been performed with
the Gaussian 16 program package.[50] The calculations have
been carried out in Cartesian coordinates, with no symmetries.
All electrons have been taken into account for carbon, oxygen,
hydrogen atoms with the aug-cc-pVTZ basis set, all potassium
electrons have been treated through the valence triple ζ
Def2TZVP basis set.[51,52] The combination of both basis sets is
fairly flexible so the computed properties should be reliable to
predict the desired electronic energies. The natural molecular
orbitals for K-C2H5OH have been calculated by Density Func-
tional Theory (DFT/ωB97xD/Gen) methods.[53] Within the neg-
ative ion, the excitation energies and oscillator strengths have
been obtained at the TD-DFT level of theory up to 26 eV.

3. Results and Discussion

TOF mass spectra from electron transfer in potassium–ethanol
collisions (17.5 to 350 eV in the lab frame, 8.5 to 170.4 eV in the
centre-of-mass frame) yield fragment ions assigned to
CH3CH2O

� , OH� , O� , CH3
� and CH2

� , with no evidence of parent
anion formation; similar behaviour was also observed in
methanol negative ion fragmentation upon electron transfer
experiments.[54] Figure 2 shows the branching ratios (BRs) for
the fragment anions of ethanol as a function of the centre-of-
mass collision energy, while in Figure 3 we show the potassium
cation (K+) energy loss spectrum in the forward scattering
direction (θ�0°) from K atoms in collisions with C2H5OH at
205 eV in the lab frame, 100 eV in the centre-of-mass frame,
with assignment of the different features in Table 1.

The different TOF mass spectra recorded as a function of
the collision energy, show the dominant ion assigned to

hydroxyl anion followed by the dehydrogenated parent anion,
the two contributing to more than 70% of the fragmentation
yield. Interesting to note that CH3CH2O

� yield only becomes
close to OH� at particularly high-collision energies (>130 eV),
albeit the EA(OH)�EA(CH3CH2O) (see Table 2). In contrast DEA
experiments show O� as the main anion,[13] while other
fragments than those listed here, e.g., CH2CHO

� , HC2O
� and H�

have been reported before.[10,14,15] Note that no discernible H�

signal from the background contribution was recorded for the
collision energies probed, yet we do not discard the possibility
of such anion being formed. In Figure 3 the energy loss
spectrum peaks at ΔE=13.7�0.1 eV (Imax) which results in a
vertical electron affinity of � 9.36�0.1 eV (EA(Imax)= IE(K)–ΔE,
see Table 2 for IE(K)), in excellent agreement with the DEA
Feshbach resonance at 9.15 eV.[10,13] The calculated lowest
unoccupied molecular orbitals in the presence of a K atom in
Fig. S1 show the main antibonding s*

CO, s*
OH and s*

CH characters
along the C� OH, O� H and, C� H bonds, respectively.

Finally, at room temperature, one finds two conformers for
ethanol, trans and gauche (+ and � ) with CS- and C1-symmetry
in their electronic ground states.[30] The electronic state
spectroscopy of ethanol has been comprehensively investigated
by high-resolution vacuum ultraviolet photoabsorption experi-
ments and quantum chemical calculations, where the highest
occupied molecular orbital (HOMO), 3a’’/13a, is mainly due to O
2p lone pair orbital (nO) perpendicular to the COH plane,
whereas the second highest occupied molecular orbital
(HOMO-1), 10a’/12a, has the O 2p orbital on the COH plane (�nO)
yet away from the direction of the C� O bond. For further details
see Barbosa et al.[30] and references therein.

3.1. CH3CH2O� Formation

The dehydrogenated parent anion in electron transfer experi-
ments can be formed via the following reaction:

Figure 1. Molecular optimized structure of ethanol, and orientation of the K+C2H5OH collisional system. Colours are dark grey for C, red for O, light grey for H
and magenta for K. Bond lengths are in Å, bond angles in (°).
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Figure 2. C2H5OH branching ratios (fragment anion yield/total anion yield) of the anions formed as a function of the collision energy in the centre-of-mass
frame. Error bars are related to the experimental uncertainty associated with the ion yields. The solid lines were added just to guide the eye. See text for
details.

Table 1. Assignment of different features from Gaussian fittings to K+ energy loss spectrum from K+C2H5OH collisions at 100 eV in the centre-of-mass
frame. The uncertainties result from the Gaussian fitting procedure (values in eV).

K+ Energy Loss Fea-
ture

Vertical Electron Affin-
ity

Calculated vertical energy
of MOs

Assignmenta DEA resonances

neutral negative
ion

7.5�0.1 � 3.16�0.10 3.13 2.25 s*
OH 2.88[12]/~2.0[13] (CH3CH2O

� )

10.9�0.2 � 6.56�0.20 6.20 6.23 s*
OH=s*

CH 6.35[12]/5.8[13] (CH3CH2O
� ); 5.5[13] (O� ); 6.414 (H� )

12.3�0.1 � 7.96�0.10 7.99/8.65 8.22 s*
OH=s*

CH 7.85[12] /~8.0[13] (CH3CH2O
� ); 8.2[13] (OH� ); 7.8[14]

(H� )

13.7�0.1 � 9.36�0.10 9.37/9.59 9.36 s*
OH=s*

CH 9.15[12] (CH3CH2O
� , OH� ); 9.3[14] (H� )

15.5�0.1 � 11.16�0.10 11.16/
11.23

11.29 b;
s*

CC=s*
CO=s*

CH

–

17.4�0.1 � 13.06�0.10 – 13.16 c –

19.0�0.1 � 14.66�0.10 – 14.50 d –

20.4�0.1 � 16.06�0.10 – 16.42 e –

22.2�0.2 � 17.86�0.20 – 17.54/18.18 – –

24.1�0.4 � 19.76�0.40 – 19.78 – –

26.6�0.3 � 22.26�0.30 – 22.48 – –

30.0�0.3 � 25.66�0.30 – 25.89 – –

a see Figs. 3 and S1; b �nO=sCO!(n+1)/(n+2)d; sCC!(n+1)/(n+2)p; nO=sCC!(n+1)/(n+2)p; �nO=sCC!(n+1)/(n+2)d; c sCO!(n+1)/(n+2)p; sCC!(n+1)/
(n+2)p; �nO=sCC!(n+1)/(n+2)p; nO=sCC!(n+1)/(n+2)d; d �nO=sCC!(n+1)/(n+2)p; nO=sCC!(n+1)/(n+2)p; e nO=sCC!(n+1)/(n+2)p;
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Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ CH3CH2O
� þ H

(1)

with (CH3CH2O� H) a direct bond breaking, and (CH3CH2OH� )#

formation of a TNI with an excess of internal energy. In the TNI’s
unimolecular decomposition, autodetachment may successfully
compete with formation of a neutral radical and an anion. The
branching ratios in Figure 2, which result from the fragment
anion yield divided by the total anion yield at a given collision
energy, clearly shows that for 8.5 eV collision energy (17.5 eV in
the lab frame), OH� and CH3CH2O

� are the solely fragment ions
formed, the latter contributing to ~30% of the total anion yield.
From the DEA data, the dehydrogenated parent anion is formed
via four resonances with increasing intensity as the electron
energy is increased at 2.88, 6.35, 7.85 and 9.15 eV, where
Ibănescu and co-workers[10] assign the lowest-lying to a shape
resonance of s*

OH antibonding character with a threshold at
2.75 eV. The other high-energy features are due to Feshbach
resonances with holes in the nO and �nO oxygen lone pairs, and
in the sCH and sCC molecular orbitals, respectively.[10,12]

From the data in Table 2, and taking the bond dissociation
energy and electron affinity, we obtain D(CH3CH2O� H)–EA-
(CH3CH2O)=2.78 eV. Now if we add the potassium ionisation
energy of 4.34 eV (see Table 2), such anion (CH3CH2O

� )

formation threshold would be expected at 7.12 eV. Although
we have not recorded the dehydrogenated parent anion
threshold, a close inspection of the BR in Figure 2 shows that
such anion yield below 10 eV tends to decrease as the collision
energy decreases, thus suggesting a threshold close to the
expected value. Such a reasonable assumption is in accord with
methanol dehydrogenated parent anion BR behaviour in the
threshold region.[54] The feature in the energy loss spectrum at
7.5�0.1 eV (Figure 3), yields a vertical electron affinity of
� 3.16�0.10 eV, and is assigned to the σ* shape resonance,
although 0.3 eV higher than the DEA experiment.[10] This differ-
ence is due to the peak’s position uncertainty as well as the
estimated energy resolution of the K+ energy loss data. Note
that LUMO+6 in Fig. S1 calculated at 3.13 eV shows a relevant
antibonding character along the O� H bond and in assertion
with the assignment in Table 1.

The molecular orbitals in Fig. S1 that can contribute to the
energy loss features with vertical excitation energy values at
� 6.56�0.20, � 7.96�0.10 and � 9.36�0.10 eV (Table 1), have
been assigned to electron transfer from the potassium atom to
ethanol’s LUMO+21, LUMO+33/LUMO+39 and LUMO+49/
LUMO+54, respectively, with electron densities exhibiting s*

OH

and s*
CH antibonding characters. It is worth noting, that such

energy values are related with the VUV data of Barbosa et al.’s

Figure 3. Energy loss spectra of K+ in the forward scattering direction (θ�0°) at an impact energy of 100 eV in the centre-of-mass frame for K+C2H5OH. The
peaks’ maxima are related to the estimated vertical excitation energies (see Sec. 3 for details) and the uncertainties result from the energy position of the
Gaussian fitting procedure.
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features at 6.809 (3sσ), 7.905 (3pπ) and 9.319/9.400 (4pπ) eV[30]

of Rydberg character converging to the different ionisation
energies of ethanol.[55] Such character is not evident from the
electron densities in Fig. S1, yet we have performed TD-DFT
calculations on the different electronic states of ethanol
negative ion showing the prevalent Rydberg character above
6.0 eV (see Fig. S2). Thus, CH3CH2O

� formation may proceed
through an internal conversion from a Rydberg to a valence
character MO, where avoided crossings are expected to
determine the shape of the potential energy surfaces in the
representation of the nuclear dynamics. This is in good agree-
ment with DEA experiments of Ibănescu et al.[11] Note that an
identical process related to a prevalent intramolecular mecha-
nism of internal conversion yielding dehydrogenated parent
anions has been recently observed in electron transfer to
methanol[54] and water[48] molecules.

We get back to the dehydrogenated parent anion BR
depicted in Figure 2. Although not discernible in the figure, the

lowest lying data points show a tendency for increasing from
the expected threshold up to 9.3 eV contributing to 34% of the
total anion yield, and decreasing with increasing collision
energy up to 60 eV. The most relevant yield change occurs
between 9.3 and 14 eV, where the excess energy in the TNI is
enough to open up other dissociation channels, viz. CH2

� , CH3
�

and O� formation (see below), and/or intramolecular redistrib-
ution through the available degrees of freedom. Above 60 eV
collision energy, the CH3CH2O

� yield is not strongly energy
dependent showing a modest increasing behaviour and
contributing on average to ~25% of the total anion yield. This
is possibly due to the collision dynamics, where at such
energies, the rather fast collision time (<30 fs) does not allow
sufficient time for K+ formed after electron transfer to interact
with the TNI via a relevant Coulomb interaction. In the absence
of such process allowing effective energy redistribution within
the TNI, the metastable parent anion is mostly formed via the
fast and direct vertical access above the neutral ground-state,
within the Franck-Condon region, yielding a prominent s*

OH

antibonding character of the upper ionic state. The MOs
labelled LUMO+54 and LUMO+106, at 9.59 and 11.23 eV also
contribute to the loss of a hydrogen from the hydroxyl end, yet
as the collision energy is increased, a prominent s*

CH antibond-
ing character is discernible though contributing to the dehydro-
genated parent anion formation (see Fig. S1).

3.2. OH� Formation

Electron transfer in K–CH3CH2OH collisions yields OH� (see BR in
Figure 2) as the prevalent fragment anion according to reaction
(2):

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ OH� þ CH3CH2
(2)

with (CH3CH2� OH) a single bond excision and the extra charge
sitting on the hydroxyl radical. The electron affinities of OH and
CH3CH2O (see Table 2) are almost the same, so one would
expect a strong competition between each fragment anions’
formation. However, this is not the case across the entire
collision energy range investigated but only at higher energies
(>130 eV). The hydroxyl anion BR (Figure 2) shows a tendency
for increasing from the expected threshold to its maximum at
~9 eV, with also a strong energy dependence up to ECM ~20 eV
(accounting for ~45% of the total anion yield), where the
fragmentation channels for O� , CH3

� and CH2
� are open. Then,

we note an enhancement up to 40 eV and beyond it the yield
decreases as the collision energy is increased. Since the collision
energy is high enough, thus less efficient stabilization effect of
K+ in the vicinity of the TNI, this may mean that the collision
induced fragmentation is dictated by the electron affinity of the
radicals resulting in a relevant competition with CH3CH2O

�

formation. From the values in Table 2, the enthalpy of reaction
is ΔHR=2.79 eV and adding the potassium atom ionisation
energy of 4.34 eV, the threshold of (2) is expected at 7.13�
0.10 eV (7.12�0.10 eV for reaction (1)). The electron density for

Table 2. Gas-phase standard heat of formation (ΔfHg
°) and electron

affinities relevant in dissociative electron attachment to ethanol, taken
from Ref.64 (see text for details).

Compound ΔfHg
° (0 K)[65] (kJmol� 1) ΔfHg

° (298.15 K)[64]

(kJmol� 1)

C2H5OH � 217.31�0.20 � 235.04�0.21

CH3CH3 � 68.38�0.12 � 84.02�0.12

CH3CH2 131.43�0.20 120.63�0.22

CH2OH � 10.36�0.28 � 16.66�0.28

C2H4 60.89�0.11 52.38�0.12

CH2O � 105.392�0.095 � 109.229�0.096

OH 37.279�0.022 37.522�0.025

O 246.844�0.002 249.2290�0.0021

CH3 149.874�0.050 146.471�0.053

CH2 428.71�0.11 (singlet)
391.050�0.11 (triplet)

429.13�0.11 (singlet)
391.600�0.096 (triplet)

H 216.034 217.998

CH2
� 328.16�0.18 328.59�0.18

CH3
� 141.15 137.71

O� 105.868 108.3

OH� � 139.063�0.02 � 139.030�0.02

C2H5O
� � 163.88�0.44 � 178.81�0.44

Electron affinity (eV)

C2H5O 1.7120�0.0040

OH 1.82767

O 1.439157�0.000004

CH3 0.080�0.030

CH2 0.652�0.006

Bond dissociation energy (eV)

C2H5O� H 4.487�0.03231 (�
4.497�0.022)32

O� H 4.43666 (4.62267, 4.3568)

Ionisation energy (eV)

K 4.34066�0.00001
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the neutral molecule in Fig. S1 shows that LUMO+33 (7.99 eV)
has a relevant C� OH antibonding character, whereas LUMO+

37 (8.41 eV) and LUMO+39 (8.65 eV) have a delocalized shape
over � OH. However, at higher energy, LUMO+54 (9.59 eV)
renders special O� H /C� H antibonding characters which are
much more in favour of CH3CH2O

� formation. Within the TNI,
the electron densities in Fig. S2 show prevalent C� OH
antibonding character with a calculated electron affinity of
8.22 eV (see also Table 1) in assertion of enhanced hydroxyl
anion formation. In the low/intermediate collision energy range,
such energy dependence on the hydroxyl anion and dehydro-
genated parent anion formation may be responsible for the
highest yield of the former fragment anion. Such can exclusively
be due to the role of the K+ formed after electron transfer,
where a relevant Coulomb interaction may effectively stabilize
the TNI, resulting in effective intramolecular processes that may
allow the lowest energetic reactions to evolve. This result is in
contrast to DEA experiments where the related reaction thresh-
old (2.79 eV) is considerably below the experimental value of
6.5 eV,[13] thus meaning that more than one neutral fragment
can be formed.[13] However, OH� formation can also proceed via
reaction (3):

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ OH� þ C2H4 þ H
(3)

with ethylene (C2H4) and a free hydrogen atom (H) being
formed. From the established heats of formation in Table 2, the
reaction requires 8.02 eV after adding 4.34 eV from the
ionisation energy of K. In case of the neutral molecule, LUMO+

39 (8.65 eV) in Fig. S1, and Fig. S2 (the excited state at 8.22 eV)
for the TNI, show a reasonable electron density over C2H4 while
antibonding characters along O� H and C� H bonds may be
discernible, thus supporting also OH� formation.

3.3. O� Formation

The TOF mass spectra from charge transfer experiments in
neutral potassium atom and neutral ethanol molecule collisions
show O� as the third most abundant fragment anion. In the BRs
of Figure 2, the oxygen anion threshold is at ~11.7 eV,
increasing up to ECM=20 eV and contributing to ~17% of the
total anion yield. Above this energy, the yield is constant
regardless the increasing energy in the centre-of-mass system.
As the collision energy is increased, the MOs contributing to
relevant antibonding character along the C� O and O� H bonds (
s*

OH=s*
CH) are accessed (e.g., LUMO+33 and LUMO+39, Fig. S1)

with charge delocalization mostly around CH3CH2 (e.g., see
(LUMO+54 in Fig. S1). These MOs also contribute to a relevant
competition with OH� formation, in spite of the less pro-
nounced s*

OH antibonding character. The feature resulting from
the Gaussian fitting in the energy loss spectrum of Figure 3
peaking at 15.5�0.1 eV (Table 1), with a threshold at ~11.9 eV,
can also be related to O� formation via a s*

OH=s*
CO antibonding

molecular orbitals (LUMO+103/LUMO+106 in Table 1). Such
agrees with the calculated electronic excited state of the TNI at

11.29 eV (see Fig. S2) where a relevant Rydberg and C� OH
antibonding characters are discernible.

Formation of O� is associated with two bonds being broken
and hydrogen transfer to the α-carbon in ethane,[13] so in
potassium-ethanol collisions it may proceed through the
following reaction:

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ O� þ CH3CH3
(4)

From the standard heat of formation in Table 2, the
thermodynamic threshold of the reaction is 6.98 eV, after
adding 4.34 eV for the ionisation energy of the potassium atom.
This value is well-below the experimental appearance energy of
O� , and the anion velocity map imaging data reveals no
appreciable kinetic energy of the fragment anion.[16] Alterna-
tively, the oxygen anion can be formed via reaction (5):

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ O� þ C2H5 þ H
(5)

with a calculated threshold of 11.29 eV, in good agreement
with the anion threshold at 11.7 eV, within the experimental
uncertainty. This is supported by the nature of the lowest
unoccupied molecular orbitals of the neutral (e.g., MOs higher
than LUMO+103/LUMO+106) where a relevant s*

OH=s*
CH char-

acter yield the loss of an H atom, either from the hydroxyl or
the ethane ends, and a reasonable electron density over C2H5

(see Fig. S1), while also in agreement with the antibonding
character noted for the TNI in Fig. S2. Above threshold, the
electronic state spectroscopy of the attained molecular states is
dictated by the prevalent nature of such MOs, i. e., direct access
to such antibonding σ* orbitals. Yet, the oxygen anion has been
reported in DEA experiments with a broad resonance at
~5.7 eV, but mainly produced via the rearrangement reaction
with ethane formation.[13] This is in contrast to the present
experimental evidence, showing that the electron transfer
collision induced dissociation process is operative via H
abstraction, with a dehydrogenated parent anion as an
intermediate step, followed by O� formation. The role of the
dehydrogenated parent anion formation as a precursor of
further bond excision yielding other fragment anions has been
reported in our laboratory for some amino acids[56� 58] and more
complex molecules as thymine/uracil,[42,59–61] halouracils[37] and
adenine,[62,63] just to mention a few.

3.4. CH2
� and CH3

� Formation

The BRs in Figure 2 show CH2
� and CH3

� as the less intense
fragment ions contributing together to�20% of the total anion
yield. As the collision energy is increased the yields are
insensitive to the energy, although we can observe a modest
tendency of CH3

� to be enhanced above 70 eV. Nonetheless,
such yields are not unexpected given that these anions are
formed from the breaking of at least one bond, and the
electron affinities of neutral CH3 and CH2 are considerably low
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as compared to other fragments stemming from electron
transfer to ethanol. Another interesting aspect pertains to the
nature of the MOs, given the rather antibonding character
along the C� C, C� O and C� H bonds (s*

CC , s*
CO, s*

CH) as clearly
depicted in LUMO+103 and LUMO+106 (see Fig. S1).
Formation of CH3

� is associated with a single bond being
broken and it may proceed through the following reaction:

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ CH3
� þ CH2OH

(6)

From the standard heat of formation in Table 2, the
reaction’s thermodynamic threshold is 7.95 eV, after adding
4.34 eV for the ionisation energy of the potassium atom. This
value is well-below the experimental appearance energy of
CH3

� , i. e., 10.72 eV (Figure 2). Alternatively, CH3
� can be formed

via a more complex reaction (7) which can involve the
dehydrogenated parent anion (CH3CH2O

� +H) formation after
the collision complex (K+ CH3CH2OH� ) that may further
dissociate in:

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ CH3
� þ CH2Oþ H

(7)

with a calculated threshold of 11.39 eV (Table 2). An energy
difference of ~0.7 eV from the experimental value is noted for
such reaction, yet momentum conservation of the dissociating
partners may impact the lighter fragment kinetic energy, thus
shifting the energy to a higher value. Although a kinetic energy
release distribution (KERD) was not recorded, we can rely on
the information obtained recently from methanol[54] and
water.[48] In these molecules, KERDs for the hydrogen anion
were obtained, revealing the role of statistical and direct
dissociation in the collision process, where the excess energy
was either converted into the available degrees of freedom (
�0.5 eV)[48,54] or being channelled into translational energy of
fragments formed (>1.5 eV).[48,54] This is in assertion to Orzol
and co-workers[13] DEA experiments in ethanol for the dehydro-
genated parent anion formation at the 8.2 eV resonance. As
noted, a considerable amount of excess energy on the negative
ion is distributed through the available degrees of freedom,
while CH3CH2O

� carries along more than 5 eV excess energy,
yielding the loss of the electron and dissociation.[13]

Following a similar description from CH3
� , formation of CH2

�

can proceed according to the reactions:

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ CH2
� þ CH3 þ OH

(8)

Kþ CH3CH2OH! Kþ þ ðCH3CH2OH� Þ# !

Kþ þ CH2
� þ CH2OHþ H

(9)

with enthalpies of reaction ΔHr (see Table 2) of 9.45 and
7.79 eV. Now, adding the potassium ionisation energy of
4.34 eV, the expected thresholds are at 13.79 and 12.13 eV. The
BR in Figure 2 shows that CH2

� is formed at a threshold of
13.64 eV, so the contribution of the KERD in reaction (9) may

account for the difference of ~1.5 eV, though bringing the
expected threshold close to the experimental value. As noted
for CH3

� formation, electron promotion to higher-lying unoccu-
pied molecular orbitals s*

CC , s*
CO and s*

CH antibonding characters
may result in CH2

� formation.

3.5. Energy Loss Spectrum of C2H5OH

The K+ energy loss spectrum data has been smoothed and
fitted with Gaussian functions to decompose the energy loss
spectrum, with vertical electron affinities and tentative assign-
ment of the main MOs in Table 1. The decomposition procedure
was performed on the information obtained from the second
derivative of the energy loss spectrum, also considering the
energy position of the shape and Feshbach resonances from
DEA experiments[10–15] while accounting the width of the
Gaussian fittings with the related energy resolution of the
charge transfer experiment. The energy loss features above
15 eV have been assigned based on the support from the ab
initio calculations from the nature of the most relevant
molecular orbitals (MOs) involved in the electron transfer
process (see Fig. S2). Note that excited molecular states of
ethanol with vertical electron affinities of � 11.16�0.10,
� 13.06�0.10, � 14.66�0.10 and � 16.06�0.10 eV can be
associated with features converging to different ionisation
limits,[55] i. e., promotion of an electron from �nO=sCO, nO=sCC and
�nO=sCC MOs to higher orbitals of increasing Rydberg character,
mainly np and nd (Table 1 and Fig. S2). We have performed
calculations at the TD-DFT/ωB97xD/gen level of theory for the
lowest-lying electronic states of C2H5OH temporary negative
ion. Of relevance the nature of the most representative
molecular orbitals where a significant electron density delocal-
ization is noted outside the molecular plane with s*

CC=s*
CO=s*

CH

antibonding characters (see Fig. S2). Given the considerable
large number of molecular states at such high energies,
unambiguous assignments of the different Rydberg series are
difficult to perform and these have been listed in Table 1 either
as (n +1) or as an alternative (n +2).

Ethanol’s energy loss spectrum in Figure 3 shows also weak
features above 20 eV, with their vertical excitation energies in
Table 1. The calculations for C2H5OH temporary negative ion
lowest lying electronic states predict features at 17.54/18.18,
19.78, 22.48 and 25.89 eV (see Fig. S2). From the shape of the
molecular orbitals, although a Rydberg character may be
envisaged, for the lowest feature, the majority exhibit strong
antibonding character along C� C, C� H and C� O bonds,
however, no further tentative assignment has been made for
these features. As reported in previous occasions for CH3OH[54]

and H2O/D2O,[48] the calculations performed provide information
on electronically excited states, accounting only for a single
occupied MO being replaced by a non-occupied (virtual) MO, so
the role of doubly excited states is not considered. However, we
are neither aware of any electron energy loss spectrum in
coincidence with Lyman-α photons detection in the inner
valence range, nor any cross-sections for Balmer-α fluorescence
in the photoexcitation of ethanol above 17 eV, that may provide
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relevant information as to the role of singly excited MO states
and doubly excited states. This information would be very
helpful to assess the role of the strong competition between
superexcited states and bond breaking into neutral fragments
(and even dipolar dissociation), which was pivotal to assign
H2O/D2O features above 17 eV in the energy loss spectra of
such molecules.[48] Finally, with the lack of further information
on the underlying processes governing singly and doubly
excited states of ethanol, we hope that the current data may
trigger the need to perform complementary experiments and
theoretical calculations on the potential energy surfaces and
resonance widths of such states.

4. Conclusions

The current electron transfer experiments in collisions of neutral
potassium atoms with neutral ethanol molecules have been
comprehensively investigated in the laboratory energy range
from 17.5 to 350 eV (8.5–170.4 eV in the centre-of-mass frame).
Time-of-flight mass spectra in such wide collision energy range
have allowed to assign the different fragment anions to OH� ,
C2H5O

� , O� , CH3
� and CH2

� , with no evidence of parent anion
formation. The main anion across the entire collision energy
range investigated is due to OH� formation, in strong contrast
to dissociative electron attachment experiments where O�

prevails, and together with the dehydrogenated parent anion
account for more than 70% of the total anion yield. The
branching ratios show a relevant dependence in the low/
intermediate collision energies with reaction thresholds show-
ing the relevance of the excess energy in the TNI being
channelled either into the different available degrees of free-
dom or as kinetic energy of the lighter fragments formed. The
formation of different fragment anions has been discussed on
the basis of the electronic structure mostly supported by
quantum chemical calculations. Additional information on the
electronic state spectroscopy of CH3CH2OH was discussed from
the experimental evidence of K+ energy loss spectrum features.
A close comparison with former experimental and theoretical
data in the literature, confirms the nature of the lowest-lying
electronic states assigned mainly to s*

OH, s*
CH and s*

CH antibond-
ing character, rendering special relevance to the role of the
different shape and core-excited Feshbach resonances partic-
ipating in the electron transfer process. Energy loss features
above 11 eV have been assigned to electronic excitations within
the TNI to Rydberg orbitals with the aid of quantum chemical
calculations. At higher energies (>20 eV) no attempt was made
yet we do not discard the possible role of doubly excited states,
which certainly require further investigation about the nature of
such transitions.

5. Supplementary Information

The supporting information provides the results of theoretical
calculations for the shape of a selection of K+C2H5OH Lowest

Unoccupied Molecular Orbitals and C2H5OH temporary negative
ion (TNI) lowest lying electronic states in presence of K.
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