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Dynamics of resonant low energy electron attachment to ethanol producing hydroxide
anions.

Dipayan Chakraborty®*, Daniel S. Slaughter®, and Sylwia Ptasinska®*°
% Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana 46556, United States,
® Lawrence Berkeley National Laboratory, Chemical Sciences, Berkeley, California 94720, United States, and
¢Department of Physics & Astronomy, University of Notre Dame, Notre Dame, IN 46556, USA*
(Dated: November 14, 2023)

Dynamics of dissociative electron attachment to ethanol is experimentally investigated at the Fes-
hbach resonance formed with incident electron energies near 9.5 eV. Highly differential laboratory-
frame momentum distributions of OH™ fragments are measured, for a series of energies spanning
the resonance width, using the velocity map imaging (VMI) technique. The OH™ kinetic energy
distribution indicates that the C-O breaking dissociation process could either be a three-body dis-
sociation or a two-body dissociation with significant rovibrational excited fragments. The small
but significant anisotropy in the OH™ angular distribution provides signatures of the molecular
symmetry of the associated resonant state under the axial recoil approximation, which assumes the
dissociation is much faster than any rotation of the dissociation axis. Within these assumptions,

the 9.5 eV Feshbach resonance can be assigned to the electronic transition from the (10a/) orbital

with its ground state Cs symmetry to the empty (4a”) level, involving the simultaneous electron
attachment. This dynamics could be a model for C-O dissociation in larger alcohols and ethers.

PACS numbers: 34.80.Gs, 34.80.Ht

I. INTRODUCTION

Dissociative electron attachment (DEA) is one of a few
important fundamental processes that allow low-energy
electrons to initiate the fragmentation of molecules into
reactive anions and radicals [1-4]. In DEA, a transient
negative ion (TNI) resonance is formed by electron at-
tachment, and the TNI may dissociate if the resonance
exists for sufficient time before autodetachment occurs
[5]. Feshbach resonances [6] are electronic states of TNIs
that cannot autoionize by an electronic transition involv-
ing a single electron. These core-excited TNI resonances
are established to play an important role in DEA [7-9],
but they present significant challenges, even to highly so-
phisticated theoretical methods, due to the demands of
an accurate description of electronic correlation to de-
termine the potential energy and energy width of the
resonance. Experimental measurements of the resonance
energy, DEA ion yield, fragment kinetic energy, and/or
angular distributions have proven to provide valuable in-
formation on Feshbach resonances.

Feshbach resonances are common in alcohols and have
been reported for a broad range of energies as low as a
few eV below the ionization potential. Several theoretical
and experimental studies have been conducted over the
years to understand the dynamics of Feshbach resonances
involved in the electron attachment to methanol, the sim-
plest alcohol [10, 11]. Curtis and Walker [10] compared
the DEA ion yields of methanol with the corresponding
parent Rydberg states in both VUV (vacuum ultravio-
let) photoabsorption spectra and near-threshold electron
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energy-loss spectra. They found that the 6.5 and 8 eV
Feshbach resonances in methanol are due to the tran-
sition of an electron from either of the two ground-state
highest-lying occupied orbitals, (7a’)2 or (24" )2 to the 3s
Rydberg orbital, which is also occupied by the attached
electron. They also established that the 6.5 and 8 eV res-
onances have 24" and 24’ symmetry, respectively. Later,
adopting anion fragment momentum imaging, Slaughter
et al. [11] confirmed the 24" symmetry of the 6.5 eV
Feshbach resonance.

Similarly, low-energy electron resonances at 9.5 eV lead-
ing to OH™ release from ethanol is categorized as a Fes-
hbach resonance since it is near and below the ionization
energy (IE) of ethanol, 10.64 eV [12]. Several experi-
mental attempts have been made over the years to de-
termine the dynamics involved in the ethanol molecule’s
Feshbach resonances, but no conclusive evidence has been
documented to date. By studying the D~ ion yield from
deuterated ethanol and H-loss channel, Ibanescu et al.
[13, 14] suggested that the Feshbach resonance near 6.35
eV is due to a hole in the np lone pair orbital, and
the 7.85 eV is due to a hole in the np lone pair or-
bital. Further, the broad 9.15 eV Feshbach resonance
was attributed to the promotion of a bound electron
from various C-H and C-C o orbitals. Ibdnescu et al.
[15] also compared the DEA spectra with the vibrational
excitation (VE) spectrum of the C-H and O-H stretch-
ing modes, as the VE cross-section is generally enhanced
by resonances, particularly by shape resonances and vi-
brational Feshbach resonances. In the absence of clear
correlations between the VE spectrum and the DEA res-
onances, the authors concluded that the 6.35, 7.85, and
9.15 eV resonances are core-excited Feshbach resonances.
Moreover, Orzol et al. [16] performed a combined gas-
phase and condensed-phase DEA studies, in which the
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FIG. 1. Schematic view of the experimental set-up, which consists of the vacuum chamber, spectrometer, Faraday cup assembly,
detector assembly, and Helmholtz coils. The electron gun is attached to the top flange, and the needle that produces the effusive
molecular beam is attached to the flange on the left as indicated by the direction of a molecular beam.

different fragmentation channels and their corresponding
ion-yield curves were reported. Later, using the R-matrix
calculations, Fujimoto et al. [17] predicted the presence
of broad shape resonances near the 7.5 and 8 eV regions
with the 2A” and A’ symmetries, respectively. However,
their model was not able to provide the data on the Fesh-
bach resonances at energies near the electronic excitation
thresholds, which are dominant in the DEA channel ob-
served in the 9.5 eV region. Later, Wang et al. [18]
investigated DEA to ethanol using a velocity map imag-
ing (VMI) spectrometer. Their combined theoretical and
experimental investigations indicate that initially, a Fes-
hbach resonance is formed by vertical electron attach-
ment, then it couples with a ¢* shape resonance which is
responsible for H loss from the TNI. However, the mecha-
nism for the C-OH dissociation channel is still unknown.
In particular, while there is some evidence [13] that more
than one resonance contributes to DEA around 9.5 eV,
limited information can be extracted from measurements
of energy-dependent fragment yields alone. Therefore, we
expect energy and angle-differential fragment imaging of
OH™ to offer further insight into the nature of the reso-
nance(s).

In this framework, the present study focuses on under-
standing the electronic transition involved in the 9.5 eV
Feshbach resonance along with the associated dissocia-
tion dynamics of the TNI electronic state leading to the
production of hydroxide, OH™. The VMI images of the
OH™ ions were recorded to obtain both the kinetic energy

and angular distributions for a series of electron energies
at and near the resonance peak. Anion fragment angular
distributions are understood to contain information on
the electron attachment dynamics and/or on the disso-
ciation dynamics. Using the axial recoil approximation,
we assume the dissociation axis does not rotate signifi-
cantly during the dissociation process, which allows us
to determine the symmetry of the TNI. Furthermore, we
consider the possible failure of the axial recoil approxima-
tion by rotation of the C-O bond to discuss the possible
dissociation dynamics revealed in the VMI images.

We applied the time-sliced VMI technique using an
apparatus that was recently designed and constructed
in the Notre Dame Radiation Laboratory. The cross-
sectional view of the custom-designed experimental
setup is shown in Fig. 1. It consists of an electron
gun, a Faraday cup to measure the electron beam
current, an effusive molecular beam, a time of flight
(TOF)-based VMI spectrometer, and a microchannel
plate (MCP)-based detector assembly with a position-
sensitive phosphor anode. The electron gun is purchased
from Kimball Physics (Model No: ELG-2/EGPS-1022),
and the detector assembly is purchased from Photek
USA. The electron gun consists of a resistively heated
tantalum filament that produces an electron beam
with a typical resolution of 0.6 eV, defined as the full
width at half maximum (FWHM) of the electron energy
distribution. A pair of Helmholtz coils with a diameter
of 556 mm is placed outside the vacuum chamber to



produce a uniform magnetic field to collimate and
guide the low-energy electron beam. The spectrometer
consists of repeller and extractor plate electrodes, a
lens assembly, and a drift tube. The repeller and
extractor plates, each with 60 mm outer diameter, are
separated by 20 mm. A stainless-steel capillary, 550
pm inner diameter, is used to produce the effusive
molecular beam, and the typical distance between the
exit of the capillary and the electron beam is around 3
mm. Electron-molecule interaction occurs between the
repeller and extractor plates. On the repeller plate, a
negative pulse is applied to push the negative ions. The
extractor plate is typically grounded. At about 13 mm
from the extractor plate, four lens electrodes (60 mm in
diameter, each) are placed. The separation between each
pair of lens electrodes is 10 mm. These lens electrodes
are mainly used to focus the negative ions. After the lens
electrodes, a 185 mm long field-free drift tube is placed.
At the end of the drift tube, two MCP plates in chevron
configurations are placed. The effective diameter of the
MCP plates is 40 mm. The drift tube and the front
MCP plate are at the same potential. At the end of the
MCP plates, one phosphor screen is placed. Behind the
phosphor screen, a charge-coupled device (CCD) camera
is placed to capture the image.

The basic procedure in the experiment entailed applying
a pulsed electron beam for 200 ns with a 5 kHz repetition
rate. The electron beam passed through the interaction
region, where it collided with the molecular beam to
produce DEA fragments. After the electron-beam pulse,
a negative 150 V amplitude pulse with a 150 ns delay is
applied to the repeller plate to push the negative ions
from the interaction region into the VMI spectrometer.
The delayed extraction results in a better kinetically
resolved time-sliced image and also prevents the elec-
trons from reaching the detector. The spectrometer is
designed to maintain the VMI condition, i.e., all the
ions with a given velocity vector are mapped onto a
single point on the detector regardless of their origin.
The experiments were performed under ultra-high
vacuum conditions with a base pressure as low as 1077
mbar (working pressure ~ 5 x 10~ "mbar) and using
99.5% pure ethanol purchased from Sigma Aldrich, USA.

A molecule in the molecular beam can be oriented in
any arbitrary direction in free space. Negative ions pro-
duced by DEA are contained within an expanding sphere,
referred to as a Newton sphere. The kinetic energy dis-
tribution (KED) and angular distribution of the negative
ions can be obtained from the projection of the Newton
sphere onto the detector. Ions with higher kinetic energy
fall onto the detector, forming an image with a larger di-
ameter. The obtained central slice of the Newton sphere
contains the initial kinetic energy and angular distribu-
tion information of the detected ions. A 50 ns time-sliced
image was recorded from the central area of the entire
Newton sphere. To obtain the central slice, a gate mod-
ule to pulse the rear MCP plate was used. A transistor-

transistor logic pulse generator with an appropriate delay
is used to trigger the gate module. These sliced images
represent, distributions of ions that have the initial mo-
mentum in the plane parallel to the detector. The elec-
tron energy calibration was performed using the resonant
peaks of O~ ion yields from DEA to carbon dioxide at 4
eV, and oxygen at 6.5 eV [19]. The kinetic energy dis-
tribution measurements were calibrated using the kinetic
energy released by the O~ ions from Oy around the same
energy [20] as shown in Fig. 2d. Further, this energy cal-
ibration was confirmed by measuring the kinetic energy
of the O~ ion produced by dissociative electron attach-
ment to COq at 8.2 eV [21], as shown in Fig. 2b. The
information on the electron beam axis was also obtained
from the momentum image from DEA to COs molecule
at 8.2 eV [21] as shown in Fig. 2a.

The signal detected on the screen is also used for the mea-
surement of ion yield curves of the negative ions. First,
the AC-coupled screen signal is amplified by a fast am-
plifier and then fed to a constant fraction discriminator
(CFD). The CFD output is connected to the STOP of
a nuclear instrumentation module standard time to am-
plitude converter (TAC), and the START pulse is gen-
erated by a master pulse generator that is synchronized
with the electron gun pulse. The time difference between
this START and STOP is the TOF of the negative ions.
The output of the TAC is connected to a multichannel
analyzer. Finally, it is communicated to a computer via
a USB 2.0 interface for data acquisition. A custom-built
LabVIEW-based data acquisition system was used to ob-
tain the mass spectra and ion yield curves.

II. ANGULAR DISTRIBUTION OF OH™

The OH™ angular distribution is measured in the lab-
oratory frame of reference, which is defined by the elec-
tron beam direction. The molecular frame is not directly
accessible in the present experiments because the tar-
get molecules have random orientations in the molecular
beam. In smaller molecules, ab initio electron scattering
calculations have been performed to accurately predict
the electron attachment cross-section in the molecular
frame [7]. However, for more complex molecules, analysis
of the dynamics of DEA typically demands accurate elec-
tron attachment theoretical calculations, or some prior
knowledge or assumptions about the resonant states, or
the dissociation dynamics. Such a computationally ex-
pensive approach is beyond the scope of the present ex-
perimental study. Therefore, we assume the axial recoil
approximation to discuss the possible resonance symme-
tries. Then we will consider the breakdown of the axial
recoil approximation.

Azria et al. [22] extended the electron attachment theory
of O’Malley and Taylor [23], and Dunn [24] to polyatomic
molecules, in which the general form of the transition am-
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FIG. 2. (a) Time slice image of O™ jons from DEA to CO; at 8.2 eV resonance. The electron beam direction is from bottom
to top through the center of the image. (b) Comparison of O~ KED, for weighted and unweighted time slices, dissociating
from CO; at 8.2 eV incident electron energy. (c) Angular distribution comparison for the same CO2 experimental data as (b).
(d) Comparison of O~ KED for weighted and unweighted time slices, for DEA to Oz at 6.5 eV incident electron energy. (e)
Angular distribution comparison for the same Oz experimental data. (f) Angular distribution comparison of OH™, for weighted
and unweighted time slices, for DEA to ethanol at 9.5 eV incident electron energy.

plitude f(6, ¢) is given by:

f(0,¢) = (Resonant state|Partial waves|Initial state)
(1)
Here, the components that represent the resonant state
and initial neutral state are the basis functions for the
irreducible representations of the molecule’s point group,
and the partial wave denotes the different partial waves
of the incoming electrons involved in the transition. This
transition amplitude is squared and integrated over the
azimuthal angle (¢) to obtain the variation of the DEA
cross-section (I(6)) with scattering angle as:

1

:27T
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Dissociation occurs in the molecular frame, while the
angular distribution measurements are carried out in
the lab frame. Thus, the transformation of the partial
waves from one frame to the other for both the incident
electron beam and the electronic states is accomplished
using the Euler angles. Such a transformation assumes
the dissociating bond does not rotate after the electron
attachment and before the dissociation is complete,
which is the axial recoil approximation [25]. The
expected angular distribution is a combination of the

different partial waves of the captured electron. Several
research groups have used this method for angular dis-
tribution over the years [26, 27], while others [11, 28, 29]
have also developed ab initio computational methods
that require an accurate theoretical description of the
bound and continuum electronic structures of the anion.

Nag et al. [28] showed a simplified version of the an-
gular distribution (I.(6)) expressed by:

1 21 . 2
16(9) X g/o Zalmilelelm(G,qﬁ) d¢ (3)

Here, 6 and ¢ represent the polar angles of the electron
beam in the dissociation frame, and X, (0, ¢) are the
basis functions for the irreducible representations of the
point group of the molecule expressed in the dissociation
frame. The expansion coefficients, a;,,, are real numbers,
and the phases, d;, represent the direct scattering contri-
bution to the electronic part of the process. The values
of the indices [ and m with a nonzero contribution to the
sum in Eq. 3 are restricted by the irreducible represen-
tation of the resonant electronic state. The values of a;,,
reveal the relative contributions of different symmetries
of the scattering system and partial waves of the cap-
tured electron to the DEA process.




In the ground electronic state, ethanol has planar symme-
try, and it belongs to the C point group, which is char-
acterized by one horizontal mirror plane. The character
table of the Cy point group is shown in Table I. There
are two potential irreducible representations within the
C, point group, the one-dimensional A" and A" repre-
sentations. The A’ representation is symmetric to both
the identity operator, E, as well as reflection through the
mirror plane, o,. The A" representation is symmetric
to E but antisymmetric for reflection through o5,. The
ground state electronic configuration of ethanol [30] is
(core)b(4a’)?(5a’)?(6a’)?(7a’)?(1a”)?(8a)?(9a’)*(2a")?
(10a’)%(3a”")?, which gives it A" symmetry. By using Eq.
3 and Table I, we deduce the angular distribution func-
tion of a Cy point group for the A" — A’ transition con-
sidering the three lowest partial waves as:

Al 2 2 2 2 2
Iisipray(0) =ago + ajg cos™ 0 + afy sin” 6
+ a3y (3cos? 0 — 1)?
+ a2, sin? A cos? 6 4 a2, sin® 0
+ 2agor1o SiIl(éo - (51) cos
+ 20&000[20 sin(50 - 62)(3 COS2 0 — 1)
+ 2010020 sin (07 — d2) cos B(3 cos? O — 1)
+ 2011091 sin(d; — d2) sin® 0 cos 0 (4)
On th,e oth(;lr hand, the angular distribution function for
the A — A transition considering the lowest two partial
waves is
I@id)(G) =2, sin? 0 + a2, sin® @ cos? O + a2, sin O+
2@11a213in(51 — 52) sin2 0 cos 6 (5)
In these two equations, «; ., are the rescaled coeflicients
that include the constant factors. [ = 0,1 and 2 indicate
the s, p, and d partial waves, respectively. The terms that
contain oy .,y ' are attributable to the mixing between
different partial waves. All the angular distribution data

presented in this work are fitted using these two transi-
tion models.

III. RESULTS AND DISCUSSION

DEA to ethanol involves TNI electronic states, which
dissociate through several fragmentation pathways, in-
cluding the production of OH™ ions [14, 16, 18]:

CQH5OH +e — (CQH5OH7)* — CQH5 + OH™ (6)

IV. EXPERIMENTAL SET-UP

The ion yield curve shown in Fig. 3 presents two over-
lapping resonant peaks, a narrow resonance near the 9.5
eV and a small hump near 11.5 eV. Based on the previ-
ous DEA studies of ethanol reported by other research
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FIG. 3. Ton yield curve of DEA to ethanol. The 9.5 eV peak
is assigned to the formation of OH™ ions, whereas the small
hump near 11.5 eV is associated with the formation of O~
ions.

groups, the 9.5 eV peak can be assigned to the forma-
tion of OH™ ions [13, 14, 16, 18]. We note there is some
disagreement in the literature with respect to both the
O~ and OH™ DEA resonance energies of ethanol. Us-
ing high-resolution mass spectrometry, Ibanescu et al.
[13, 14] found the resonant peak for O~ and OH™ ions at
10.3 eV and 9.1 eV, respectively. Other high-resolution
mass spectrometry experiments reported by Orzol et al.
[16] determined the O~ resonance to be at 6 eV, and
the OH™ resonance at 8.1 eV. In the present work we
find good agreement with Refs. [13, 14]. While we can-
not separate the OH™ and O~ ions due to the limited
mass resolution of the VMI spectrometer, other possible
DEA fragments like H™ are excluded due to the higher
TOF difference. Hence, Fig. 3 is a total ion yield curve
of both the OH™ and O~ ions. Here, we did not ob-
serve any resonant peak near 6 eV; however, the hump
near 11.5 eV is consistent with the report of Ibanescu
et al. [13, 14], and can be assigned to the formation of
O~ ions. Because of the relatively small cross-section of
O~ ions, their signal was not sufficiently high to perform
VMI measurements in our system. Therefore, this study
focuses only on channels producing OH™.

A. Kinetic energy distribution

The velocity slice image of OH™ ions at 9.5 eV is shown
in Fig. 4. The typical FWHM of the TOF of the OH™
ions produced in this energy range is around 250 ns. A 50
ns time gate was used to record all the images presented
in this study, and the center of the time gate is set to
the center of the Newton sphere within the experimental
uncertainty (< 10ns). Considering the resonance energy
locations of the O~ and OH™ ions, and their relative
cross-sections, we conclude that the contribution from
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FIG. 4. Time slice image of OH™ ions at 9.5 eV. The electron
beam direction is vertically from bottom to top through the
center of the image.

O~ ions is negligible below 9.5 eV, and but perhaps sig-
nificant at higher incident electron energies. The central
slice shows the maximum intensity at the center (with
a nearly isotropic distribution), which indicates that the
kinetic energy of the fragment ions peaks near zero eV. In
a process in which low kinetic energy ions are formed, the
flat time-sliced image does not accurately reflect the ion
KED, as it overestimates the abundance of low-kinetic
energy ions [31]. Therefore, we applied a weighted fac-
tor, i.e., we multiplied the ion counts by the square of
their corresponding distance from the center, to the ion
counts to overcome this problem. Prior to the ethanol
results, we applied this methodology to the O~ KED of
DEA to CO5 and compared our results with previous
measurements, as shown in Fig.2b [31]. Fig. 5 represents
the weighted time-sliced images of OH™ ions over differ-
ent incident electron energies. Here, the incident electron
beam direction is from bottom to top through the center
of the image for all the energies. One ring pattern can
be observed for all the incident energies with a higher
ion yield recorded in the perpendicular direction of the
incident electron beam. This weighted image shows some
anisotropy in the distribution, which was not visible in
the unweighted image. In the unweighted slice image, the
high abundance of lower kinetic energy ions obscures the
anisotropy present in the image. Another reason could be
the slightly elliptical shape of the slice image. With the
r’-weighting, the OH™ ion image is correctly weighted to
reveal the anisotropy. It is to be mentioned here that
identifying the image center is most important in de-
termining the symmetry and anisotropy in each angular
distribution, especially when the r2-weighting technique
is applied. To choose the correct image center, we be-
gin by selecting a small circle (e.g. 40-pixel radius) near
the center of the unweighted image. This small selection
includes many of the events in the transverse plane (or-
thogonal to the detector plane and e-beam direction). In

order to find the center precisely, we compared the inte-
grated ion counts for the left, right, forward, and back-
ward hemispheres (with respect to electron beam direc-
tion), for the region enclosed by the small chosen circle
in the unweighted image. We shifted the center of that
small circle and repeated this process several times until
we found the ion count ratio between two hemispheres
to be close to unity (typically within 1%). To incor-
porate the statistical uncertainties, we shift the center
by 1 pixel in each direction and measure the deviation
caused by this in the angular distribution profile. This
deviation is included in the error bar in the angular dis-
tribution curves. In order to show that this r2-weighting
technique doesn’t alter the angular distribution profile,
we compared the AD of the unweighted and weighted
OH™ distribution for the 9.5 eV energy, as shown in Fig.
2f. For clarity, we further compared the weighted and un-
weighted angular distribution of O~ from DEA to COq
(at 8.2 €V resonance) and Oz (at 6.5 eV resonance), as
shown in Fig. 2c and Fig. 2e, respectively.

The kinetic energy of the negative ions is extracted from
the slice images and shown in Fig. 6. The KED obtained
is broad, ranging from 0.1 to 1 eV, and peaking near 0.25
eV for each of the incident electron energies. During the
DEA process, the excess available energy (EAE) is dis-
tributed as the fragments’ kinetic and/or internal energy.
The EAE of ethanol can be represented as:

EAE =V, — (D —A) (7)

Here, V. is the incident electron energy, D is the C-O
bond dissociation energy, and A is the electron affinity of
the OH radical. If the OH™ ions are formed by a single
bond dissociation process (as stated in Eq. 6) then the
threshold of this dissociation channel is Epp,= (D - A)
= 2.22 eV (Considering the OH™ ions are formed at its
ground state, D = 4.05 eV,[32], and A = 1.83 eV [33]). In
that case, the EAE of the dissociation process at 9.5 eV
will be approximately 7.3 eV. This large EAE has to be
distributed as (i) the kinetic energy of the fragments, and
(ii) their internal excitation. By applying the momentum
conservation, the KE of the OH™ ions measured at 9.5
eV is approximately 0.25 eV, which indicates that all of
the fragments’ total kinetic energy (K Epy;) is:

KEpy, — KEOH* % Methanol (8)
Mc,H;

which is approximately 0.4 eV. Here, K Eqy- is the ki-
netic energy of the OH™ fragments, metpanor i the mass
of the ethanol molecule and mc,n, is the mass of the
CoHy fragment. This indicates that if a two-body frag-
mentation of TNI occurs, only a small portion (5%) of the
EAE appears as the fragments’ KE, and the remainder is
deposited as a rovibrational excitation of the neutrals and
the internal excitation of the anion (approximately 95%).
The minimal increase in the ion KE peak energy with the
increasing incident electron energy further supports this
conclusion. However, a small shift can be seen in the
KED, which is more prominent in Fig. 6(b). Moreover,
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FIG. 5. Weighted time slice image of OH™ ions at several electron energies over the resonance. The electron beam direction is

vertically from bottom to top through the center of the image.

the ion KED becomes even broader as the electron energy
increases, similarly as was observed in the CH30O~ KED
of DEA to methanol [11]. Our finding indicates that for
a two-body fragmentation, the neutral counterpart of the
OH~ ions formed in the DEA process are energetically
hot, and may dissociate further through a sequential dis-
sociation process. However, based on our experimental
results, we are not able to conclude whether a sequen-
tial dissociation of the TNI is involved or whether the
TNTI dissociates through a concerted three-body dissoci-
ation process. A high-level theoretical study is required
to understand the process or application of experimental
methods which are able to detect neutral fragments from
DEA [34, 35].

B. Angular distribution

To determine the symmetry of the TNI states involved
in the 9.5 eV resonance of ethanol, the angular distribu-
tion of OH™ ions was extracted from the VMI images by
excluding ions outside of the 0.1 to 1 eV kinetic energy
range. Fig. 7 represents the angular distribution of OH™
ions at different incident electron energies. Two angular
distribution peaks are visible for nearly all energies with
a minimum near 90°. At an electron energy of 8 eV, the

two peaks are distinctly visible, and as the electron en-
ergy increases, the two peaks become closer. Assuming
the axial recoil approximation and following the descrip-
tion given in Section II, we fit the angular distribution
data with both the A" — A" and A" — A”transition
models.

Figs. 7 and 8 represent the fitted angular distributions
for both transition models. The A" — A” model gives
a poor fit with negative R? value, due the significant
measured OH™ yield in the forward (0°) and backward
(180°) directions. In contrast, the A° — A’ transition
model provides a satisfactory fit to the measured angu-
lar distributions. This suggests the TNI has A" and not
A" symmetry. The term «;,, denotes the relative con-
tribution of the different partial waves involved in the
transition. We found that the p-wave provides the dom-
inant contribution in the transition, along with a small
involvement of the s-wave, and d-wave. The s-wave con-
tributes to the angular distribution profile as [ = 0 and
m = 0, the p-wave contributes to the angular distribu-
tion profile as I = 1 and m = 0, and 1, and the d-wave
contributes as [ = 2 and m = 1. The s-wave p-wave and
p-wave d-wave mixing terms also provide contributions
to the angular distribution profile. We found that the
ady, a3y, o2, terms, along with the p-wave d-wave mix-
ing term, agaag, are sufficient to represent the angular
distribution profile near the resonance energy of 9.5 eV.
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For energies lower and higher than 9.5 eV, including the
d-wave (coefficient o3;) improves the quality of the fit.
In addition, for energies lower than the resonance, the
s-wave p-wave mixing term, agoaig, results in a better
fit than the a1gagg term. The other terms in Eq. 4 offer
small contributions, and including them in the fit pro-
vides a better R? value. All the fitting parameters, along
with the corresponding R? values, are provided in Table
II. Based on the fitting, we conclude that the A" TNI
state is involved in the resonance formation under the
axial recoil approximation; however, any contributions
from an A" state cannot be completely ruled out.

To validate these findings, we compare our results with

the photoabsorption spectrum of the ethanol molecule
studied using VUV synchrotron radiation [36, 37]. That
study assigned a (10al) — 3p(4a”) Rydberg transi-
tion in the 9.5 eV region. This Rydberg state could
be the parent state of a Feshbach resonance. In the
9.5 €V Feshbach resonance, the incoming electron loses
its kinetic energy to excite the occupied (10(1/) valence
electron and is captured simultaneously with the ex-
cited electron in the (4a”) orbital, thus giving the TNI
state an A’ symmetry with an electronic configuration of
[(core)??(10a’ ) (3a")?(4a”)2]. The photoelectron spec-
tra of ethanol show two ionization processes that corre-
spond to the ionization of the highest occupied molecular
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orbital (HOMO), i.e., (3a”) orbital, at 10.64 eV and the
ionization of (HOMO-1), i.e., (10a’) orbital, at 12.18 eV
[12]. Rydberg transitions, including (10a’) — 3p(4a’),
converging to these ionization potentials occur at lower
energies such as 9.5 eV.

The above-mentioned excitation channel of the Fesh-
bach resonance responsible for the DEA to ethanol near
9.5 eV can be further compared with the available lit-
erature. Ibanescu et al. performed a series of DEA ex-
periments on several alcohols and ethers over the years
[13, 15, 38]. Their detailed investigation focused on dif-
ferent DEA resonances that are responsible for different
bond dissociation, such as C-H, O-H, C-O, and C-C. By
comparing the IE of the neutral molecules, the position of
the Feshbach resonances (6.35, 7.85, and 9.18 eV), and
by using the empirical formula documented by Spence
[39], the authors predicted that the resonances are o-
Feshbach type. Using the theoretical calculations, the
authors confirmed that both the 6.35 and 7.85 eV reso-
nances are o-Feshbach type; however, they found no use-
ful correlation between the ¢ orbitals and the observed
DEA bands near the 9 eV Feshbach region, which takes
into account the C-O bond dissociation. Unlike the other
channels, the authors observed unexpected trends for the
C-O dissociation channel. They performed experiments
with ethanol, butyl ethyl ether, ethyl methyl ether, and
diethoxy methane, and for all the cases, they observed
the presence of the 9.1 eV Feshbach resonance for the
ions formed by loss of ethyl neutral counterparts [13].
This observation indicates that the Feshbach resonance
position depends only on the neutral fragment, which is
formed in the DEA and is independent of the rest of the
target molecule. This is surprising because one would
expect that the energy of a Feshbach resonance depends
on the nature of the entire target molecule, not only on
which neutral radical is formed in the fragmentation.

Also, such striking selectivity within a dense manifold
of highly excited TNI is unexpected, as the individual
states are, without doubt, strongly vibronically coupled,
allowing the system to jump between the different states
through numerous conical intersections. Moreover, this
is not only observed for the ethyl radicals but also for
other neutral conjugates like propyl, and n-butyl species.
This observation indicates there is a connection between
the Feshbach resonance responsible for the DEA and the
neutral conjugates regardless of the parent molecule. In
order to find that connection, the authors compared the
resonant energies of the DEA bands with the 15! IE of
the associated neutral conjugates and found the energy
difference is nearly a constant (3 eV) across a whole range
of target molecules. That means the excitation (orbital
electrons) in the Feshbach resonances responsible for the
DEA bands is localized on the neutral conjugate.

For the 9.5 eV DEA resonance in ethanol, the neutral
conjugate (ethyl radical) has an IE near 12 eV, which
means the valence electron in the ethanol molecule re-
sponsible for the resonant transition should have an IE
near 12 eV. In the present case, the assigned (10(1/) va-
lence orbital has an IE of 12.1 ¢V [12], which strongly
supports our findings about this resonance. Moreover,
Spence documented the relationship between the en-
ergy of a Feshbach resonance (EF) and the molecules’
ionization energy (IE) [39]. The relation is stated as
EF = A.IFE + B, in which the slope, A, has the value
one, and the constant, B, has the values of -3.9 and -1.8
eV for the s2 and p? configurations, respectively. The
above observation indicates that if a Feshbach resonance
is found 4 eV below the IE of the molecule, it could be
an s?-Feshbach resonance, and if it is lying 2 eV below
the IE, it could be a p?-Feshbach. In the present case,
the (10a’) orbital is involved in the transition with the
IE of 12.18 eV [12], and the resonant energy is approxi-
mately 9.5 eV. This indicates that the resonance involved



in this transition should be a p?-Feshbach. The reported
photoabsorption spectra also found that a 3p Rydberg
orbital was involved in this transition [36].

V. CONCLUSION

We investigated the C-O bond dissociation dynamics of
DEA to ethanol for the low-energy Feshbach resonance at
9.5 eV, using a velocity map imaging spectrometer. The
observed ion yield curve is in good agreement with the
previous reports. If two-body dissociation is assumed,
the recorded velocity slice images at different electron
energies over the resonance revealed that around 95% of
the excess available energy of the dissociation process is
distributed as a rovibrational excitation of the fragments,
whereas only 5% is distributed as the fragments’ kinetic
energy. We do not rule out the possible involvement of a
three-body (or maybe even higher order) dissociation of
the TNI. The measured angular distribution of the OH™
fragments exhibits small but significant anisotropy that
is consistent with an A" — A’ electron attachment tran-
sition within the axial recoil approximation. Moreover,
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the angular distribution is consistent with an A’ Fesh-
bach resonance, i.e., promotion of an electron from the
(10a’) HOMO-1 orbital into the (4a”) Rydberg-like or-
bital that is doubly-occupied upon electron attachment.
By comparing with photoabsorption spectra [36], our
symmetry arguments dictate that the resonance is a p2-
Feshbach type. In a broader aspect, this study provides
evidence that p?-Feshbach resonances could be respon-
sible for DEA in large molecules where the C-O bond

dissociates.
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TABLE I. Character Table for C; symmetry group and their respective basis functions for the irreducible representations.

E o Basis Function
A, 1 1 YVZ,O or (}/l,"L + }/l,fnL); vm
A" 1 1 Yim—Yi_m)ilm>0,V¥m

TABLE II. Fitting parameters for the angular distribution of the OH™ ions arising from DEA to ethanol with the A A

transition.

Energy (eV)|s-wave| p-wave d-wave| Mixing coefficients| Phase factors R? value
ado oy afy a3, Qo010 1020 do g 02
8 0.155 | 0.537 0.832| 0.836 | 0.834 0.358 5.048 0.95
8.5 0.055 | 0.597 0.957| 0.419 | 0.728 0.318 3.954 0.97
9 0.244 | 0.386 0.789| 0.125 | 0.432 0.099 5.608 0.98
9.5 0.562 | 0.075 0.478 0.616 4.858 0.159| 0.97
10 0.097 | 0.469 0.851 0.832 0.017 2.784| 0.97
10.5 0.059 | 0.519 0.905| 0.107 0.531 1.155 3.71 0.97






