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Dynamics of hydride anion and acetyloxyl radical production by electron attachment to acetic acid

Dynamics of hydride anion and acetyloxyl radical production by electron

attachment to acetic acid
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D Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,

USA

2 Department of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln, Nebraska 68588,

USA
(*Electronic mail: DSSlaughter@1bl.gov)
(Dated: 1 October 2024)

We investigate the dynamics and site-selectivity in the dissociation of transient anions formed upon attachment of low
energy electrons to acetic acid by anion fragment momentum imaging experiments. The resonances at 6.7 eV and
7.7 eV are confirmed to dissociate exclusively by the O-H bond, while a third resonance at 9.1 eV dissociates primarily
by both C-H break O-H break. A fourth resonance near 10 eV is found to dissociate by O-H break. For each resonance,
the measured kinetic energy release indicates 2-body dissociation produces a neutral radical in the ground electronic
state, for all four resonances. The measured angular distributions are consistent with all four resonances having A’

symmetry.

I. INTRODUCTION

Simple carboxylic acids are well established to exhibit
rich chemical reactivity in environments that are exposed
to low energy free electrons'. Dissociative electron attach-
ment (DEA) is an important reaction that occurs by resonant
electron-molecule interactions, producing a transient negative
ion (TNI) resonance”. There are many prominent examples
of molecules having several anion resonances, characterized
as single-electron shape resonances, or excited resonances,
where a target electron is excited in the electron attachment
process, producing a correlated two-electron one-hole sys-
tem that decays by autodetachment or dissociation®. Fesh-
bach resonances occur when the potential energy of the an-
ion resonance is lower than the corresponding excited state
of the neutral molecule. This energetically forbids the reso-
nance from decaying by single-electron autodetachment, thus
enabling nuclear motion and dissociation to proceed on fem-
tosecond timescales.

Acetic acid produces several reactive anions and neutral
radicals by DEA, which proceeds via a shape resonance at low
attachment energies below 3 eV, or via Feshbach resonances
at higher energies above 5 eV4®. Sailer et al.* reported nine
fragment anions in the 0-13 eV electron energy range with the
dominant products being CH,O,~ and CH3COO™, appearing
from two low energy resonances at 0.75 eV and 1.5 eV, re-
spectively. They also performed ab initio calculations and
assigned these states as single particle shape resonances to
the two lowest unoccupied molecular orbitals, LUMO and
LUMO+1. Subsequent works in Refs.>® confirmed the exis-
tence of a 1.5 eV shape resonance in the dissociation chan-
nel producing CH3COO~. Freitas et al.® performed elec-
tronic structure calculations using the Schwinger multichan-
nel method and found that the £* shape resonance at 1.5 eV
is characterized by single occupation of the LUMO, having
A" symmetry, with dissociation enabled by nonadiabatic cou-
pling to an A’ state. They found no explanation for the lower
energy production of CH,O,~ that was reported in the ex-
periments of Sailer et al.*>. Recently, Chakraborty et al.’

reported a velocity slice imaging study of the heavier anion
fragments around the 10 eV Feshbach resonance, tentatively
assigning the 13a’ Rydberg state as the parent TNI state by
comparing the resonance energy with the 13¢” — 3pa” Ryd-
berg transition that was reported at 9.268 eV in vacuum ultra-
violet (VUV) photoabsorption spectroscopic studies by Leach
etal.'®.

Prabhudesai ez al.!""1? carried out DEA measurements lead-
ing to H™ ions from acetic acid, and H™ and D~ from partially
deuterated acetic acid, CH3;COOD, in the energy range of O-
18 eV identifying three resonance peaks. For CH3COOD,
they found that the first two sharp resonances at 6.7 eV and
7.7 eV contributed to the O-D bond break, and the third broad
resonance, centered at 9.1 eV, produced H~ by C-H bond
break. The relative yields of H™ and D~ from two different
bond scissions confirmed the existence of a functional group
dependence leading to site-selective fragmentation at the hy-
drogen site, which was also observed in condensed phase
acetic acid'3. Despite H™ being the dominant anion fragment
around 6-10 eV from DEA to acetic acid“’lz, the resonance
symmetries, dissociation mechanisms, and the dynamics of
the TNI resonances in acetic acid remain poorly understood.

Dissociation of acetic acid by O-H break produces H™ and
an acetyloxyl radical, CH3COO, which has several low-lying
excited electronic states'®! that could be significantly pop-
ulated at ambient temperatures. This radical is therefore an
important intermediate in atmospheric, combustion, and syn-
thetic organic chemistry'®!7. Dissociation by C-H break re-
sults in a carboxymethyl radical, CHCOOH, which may play
an important role in the formation of glycine and other com-
plex organic molecules in planetary atmospheres and interstel-
lar media'®.

In this work we focus on the rich information provided
by the momentum distributions of either H™ or D~ anions,
produced by breaking specific bonds, namely the hydroxyl
(O-H or O-D) and/or methyl (C-H or C-D) bonds, such
that the structure of the radical fragment is determined by
the resonance energy. For this, we have carried out anion
fragment momentum imaging measurements on acetic acid
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[a) CH,CO0H |b) CH, GO0 o) Ch 000

FIG. 1. Molecular structure of (a) acetic acid, (b) partially deuterated acetic acid, and (c) fully deuterated acetic acid.

(CH3COOH) partially deuterated acetic acid, CH3COOD,
and fully deuterated acetic acid (CD3COOD), their structural
schematics shown in Fig. 1. We examine the kinetic en-
ergy and angular distributions of the H™ and D~ fragments
measured by 3D anion fragment momentum imaging in the
6.7 eV to 10 eV energy range. Anion fragment angular dis-
tributions contain information about the symmetry of the res-
onance states as well as the associated dissociation dynamics
of the specific dissociation channel of interest.

We continue with a brief description of the experimental
technique in Sec. II. In Sec. III, we describe a model that
we employ to analyze the experimental angular distributions
to understand the possible resonance symmetries. In Sec. IV,
we summarize our experimental results for the O-H and C-H
bond breakage that are provided by momentum images as well
as the associated kinetic energy and angular distributions. In
Sec. V and VI, we discuss the results and provide concluding
remarks.

Il. EXPERIMENTAL SETUP

The experimental apparatus used in the present study has
been described in detail previously in Ref.!”. Here we provide
a brief discussion of the experimental arrangement most rele-
vant to the current work. Briefly, the setup consists of an ultra-
high vacuum chamber, housing an energy-tunable pulsed elec-
tron beam from a commercially acquired electron gun (Kim-
ball Physics Inc.) and an effusive gas jet of the molecular
target from a stainless steel capillary that was directed perpen-
dicular to the electron beam. The gun produces 80 ns pulses
of electrons at 50 kHz repetition rate, with an energy spread
of 0.5 eV full-width-at-half-maximum in a beam 1 mm in di-
ameter.The molecular target sample is evaporated from a glass
sample holder, outside of the vacuum chamber, and the vapor
is guided by heated tubing to a feedthrough into the vacuum
chamber and the capillary. The tubing and capillary are heated
to approximately 80° C. A pair of Helmholtz coils, producing
a 25 G uniform magnetic field coaxial to the electron beam,
collimates and transports the electrons to the interaction re-
gion while preventing most of any scattered electrons from
entering the anion imaging spectrometer. The anion yields of

O~ from DEA to CO, across the thermodynamic threshold
at 3.99 eV were measured for the calibration of the electron
beam mean energy, which was checked before and after each
experiment.

The 3D anion fragment momentum imaging spectrometer
consists of a series of copper electrodes that constitutes an
ion acceleration region and an ion focusing drift region, with
the time-of-flight direction being orientated perpendicular to
the electron beam and parallel to the effusive gas jet direc-
tion. An ion repeller electrode is grounded while the elec-
tron beam packet passes through the interaction region. It
is then subsequently pulsed to -35 V, in order to push any
anions formed in the electron-molecule attachment process
into the spectrometer, after the short electron bunch (80 ns)
cleared the interaction region. In the present experiments,
the electric field was typically 24 V/cm over the entire ac-
celeration region. In the ion focus region of the spectrom-
eter, which forms an electro-optical lens to compensate for
the extended electron-molecule interaction volume, the elec-
tric field was varied from 120 V/cm to 0 V/cm. The anions
are momentum-imaged onto a pair of time sensitive 80 mm
diameter multichannel plates chevron stack, equipped with a
position-sensitive delay-line anode. The arrival times and po-
sitions of the ions were recorded event-by-event in list-mode
format. After a thorough off-line calibration and analysis, the
3D momenta of each ion fragment were generated. A mo-
mentum calibration was performed by measuring the well-
known O~ kinetic energy and angular distributions from DEA
to 0,202, The accuracy of the momentum calibration was
confirmed by inspection of the H™ and O~ kinetic energies
and momentum images of background water?? and CO,%3, at
electron attachment energies of 6 eV and 8 eV, respectively.

The H™ channel can be formed by hydroxyl (O-H) or
methyl (C-H) bond break. The dissociation channels were iso-
lated by performing experiments with acetic acid deuterated
only at the hydroxyl site (CH3COQOD). The anion imaging
spectrometer allows us to identify H™ and D~ by their times-
of-flight, and thus the contributions of each dissociation chan-
nel at different energies were separated. The thermodynamic
thresholds for the relevant two-body and three-body reactions
are given in Tab. I. Due to the absence of electron and molec-
ular beam monitoring and stabilization in the present experi-
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ments, we cannot compare the ion yields between different ex-
periments to provide information on the absolute DEA cross
sections. The purity of each acetic acid sample was speci-
fied by the supplier at > 98.5%, <1% water for CH3COOD,
> 99.5% for CD3COOD, and > 99.9985% for CH;COOH.
Each sample was degassed by several freeze-pump-thaw cy-
cles after loading it in the sample holder.

Ill.  ANGULAR DISTRIBUTIONS

In the axial recoil approximation (ARA)?’, the dissociation
axis of a molecule does not rotate significantly during the dis-
sociation process, i.e., the dissociation of the TNI state occurs
much faster than the rotation of the bond, proceeding either by
molecular rotation or other nuclear degrees of freedom. Con-
sequently, the angular dependence of electron attachment in
the molecular frame is preserved in the dissociation as long as
the ARA is valid. A result of the ARA is the angular distribu-
tion fragment ions, with respect to the incoming electron beam
direction, depends only on the electron attachment probability
in the body-fixed frame of the molecule®*3!. Within the ARA,
the fragment angular distributions can reveal the electronic
symmetry or nuclear conformation of the initial state®>33. In
some previous studies, electron scattering theory has been
employed to predict fragment angular distributions under the
ARA and, when compared with anion fragment imaging mea-
surements, the ARA was found to break down, indicating cou-
pled electronic and nuclear dissociation dynamics>* and con-
ical intersections® coupling electronic states of the anion.

O’Malley and Taylor®® pioneered early theory efforts to
connect the fragment angular distribution to the symmetry
of the resonance states of the transient anions produced in
DEA. This theory applies specifically to diatomic molecules
and assumes that (i) only a single electronic state contributes
to a DEA resonance and, (ii) that the subsequent dissociation
obeys the ARA, i.e., that the negative ion state does not un-
dergo a rotation during the dissociation, and (iii) that the cou-
pling is independent of the spin states, i.e., only depends on
pure electronic matrix elements. Using the above approxima-
tions, Azria et al.3® later expanded this theory to polyatomic
molecules and obtained the following expression for the dis-
tribution of the anionic fragments as a function of the angle 6
relative to the incident electron beam:

1

27 )
F(0) 3 [ IS a5y (0.00Pd0 ()
Im

where (0,¢) are the polar and azimuthal angles between
the electron beam and the dissociation axis of the anion.
X (0, 9¢) are the basis functions of the irreducible represen-
tation of the point group of the molecule and are expressed
in terms of a linear combination of spherical harmonics in the
molecular dissociation frame. The expansion coefficients a;,,
are real numbers. The phases J; represent the contributions of
the direct scattering process to the DEA resonance®’. The val-
ues of the indices / and m with a non-zero contribution to the
sum in Eq. (1) are restricted to the irreducible representation
of the resonant state. Only a few values of partial waves, for

instance up to [ = 2, where / = 0,1and?2 represent s, pandd
partial waves, respectively, are needed to fit the angular distri-
butions. As the number of partial waves increases, so does the
number of maxima and minima in the angular distributions®.

The application of this model to fit the experimentally mea-
sured angular distributions has been demonstrated for several
diatomic®” and polyatomic molecules*¢-3%42. The applicabil-
ity of this approach is limited to single resonance cases only,
and the coupling of two resonances may not be treated prop-
erly.More rigorous methods require ab initio electron scat-
tering calculations3*. However,such calculations are compu-
tationally expensive, even for small molecules, and require
an extensive survey of the electron-molecule autodetachment
continuum to identify the most relevant states, which is be-
yond the scope of the present experimental study.

Acetic acid, in the equilibirum geometry of the ground elec-
tronic state, is planar with the symmetry point group C;. The
C; point group has two symmetry operations: identity, E, and
reflection through the mirror plane, 6. The two symmetries
in the two irreducible representations associated with the Cs
point group are A’ and A”. The A’ representation is symmet-
ric to both E and o;,. The A” representation is symmetric
to £ but antisymmetric to 0. The ground state configura-
tion of acetic acid, according to the density functional the-
ory molecular orbital calculations of Leach ez al. 19, is (14’ —
10a')?(1a")?(11d")?(12d")*(24")*(3d")?(13a’)?, which has
A’ symmetry. The angular distribution function under the
ARA for A’ — A’ transitions with the three lowest partial
waves s,p and d, is

1'(8) =0, + 2000000 sin(& — &)
+ oy cos?(0) + a?y sin(0) 4 a2y (3cos? (6 — 1)?
+ a3, cos?(0)sin*(0) + o3, sin*(0)
+ 20190 020 cos (S — 62)(3cos2(6 — 1)2
+ 2011000 8in(8) — 8,) cos O(3cos> (0 — 1)?
+20a110p; sin(8; — &) cosGsinz(G) 2)

and the A’ — A” transitions, with the two lowest partial waves
pandd is

1Y (0) =a, sin?(0) + &2, sin?(6) cos?(8) + oy sin* ()
+ 20101 sin( 8 —62)cosesin2(6) 3)

In the following Section we fit the measured angular distri-
butions with Equations (2) and (3) to find the resonance sym-
metry.

IV. RESULTS

The experimental results are organized as follows. We
present the momentum imaging experimental results obtained
from the dissociation products of the O-H/O-D and C-H/C-
D bond breakages of acetic acid and its partially- and fully-
deuterated isotopologues, over the energy range 6.7 eV to
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TABLE 1. Energetics of various dissociation channels producing H™ fragments. The enthalpy of formation, bond energies, and electron

affinities were taken from Refs. 22428

Number Dissociation channel

Thermodynamic threshold (eV)

H~ + CH3COO

H~ + CH,COOH
H™ + CH3 + CO;
H~ + CH,CO + OH
H~ + CH; + COOH

D A WD =

4.02
3.47
3.39
5.46
7.99

10 eV. We then present the ion kinetic energy distributions,
which we extract directly from the measured absolute mo-
menta. Finally, we present the angular distributions and, fol-
lowing the procedure discussed in section III, we fit our angu-
lar distributions for the candidate A’ — A’ and A’ — A” transi-
tions to determine the symmetry of the TNI state.

A. H™ (D7) due to O-H (O-D) bond break

The measured momentum images of the D™ anions result-
ing from DEA to partially deuterated acetic acid, CH3COOD,
at the first resonance (6.7 eV) are displayed in Fig. 2a. For
each momentum image, the entire 3D momentum distribu-
tion of H7/D~ ions is projected onto the longitudinal and
transverse momentum coordinates with respect to the incident
electron beam direction. The longitudinal and transverse co-
ordinates are parallel and perpendicular to the incident elec-
tron beam, respectively.In Fig. 2a, a minor contribution due
to the presence of < 1% D;0O in the sample is visible around
longitudinal momentum = 0 and |transverse momentum| <
20 a.u. The main circular feature corresponds to D~ from
CH3COOD. We note, for electron attachment energies above
6.7 eV, the DEA cross section to produce D~ from D,0O de-
creases rapidly to values 5- to 10-fold smaller*?, and we ob-
serve no significant contributions from water above 6.7 eV.
We observe that the momentum distributions of the D~ from
CH3COOD have comparable intensity in the forward (positive
longitudinal) and perpendicular directions, while exhibiting
maximum intensities in the backward (negative longitudinal)
direction. The transformation of the 3D momentum distri-
butions to longitudinal and transverse coordinates'® projects
uncertainties at very small transverse momenta, which we see
as noise along zero transverse momentum.

The momentum distribution of D~ from CH3COOD (Fig.
2b) at the second resonance (7.7 eV) shows a similar max-
imum in the backward direction just like the first resonance
at 6.7 eV. In contrast to the momentum image at 6.7 eV, the
7.7 eV momentum image has broader peaks in the backward
and perpendicular directions. As the electron energy is in-
creased to 9.1 eV in Fig. 2c, we observe a similar struc-
ture again, with a maximum ion yield in the backward and
perpendicular directions and with very little ion yield in the
forward direction. Fig. 2d shows the momentum distribution
of the D™ ions from CH3COOD at 10 eV, where two distinct

rings, corresponding to two different ion momenta, i.e., fast
and slow ions, are observed, indicating two different dissoci-
ation pathways. The outer ring (fast D™) and inner ring (slow
D™) have momenta of ~ 27 a.u. and = 35 a.u., respectively.
The ion emission patterns of the fast and slow ions have sim-
ilar features: a global maximum in the backward direction,
and significant yields in the perpendicular and forward direc-
tions. We note that the ion yield of the slow D™ appears to be
smaller than the yield for the fast D™ at 10 eV, however the
relative yields depend strongly on the incident energy, and are
almost equal at 9.6 eV.

The kinetic energy distributions of the D~ ions, obtained
from DEA to CH3COOD, are shown in Fig. 3. The kinetic
energy distribution of D™ at 6.7 eV (solid black curve) has
two features: a peak at 2.39 eV, and a low-energy shoulder
around 1.6 eV. Previous studies?>**** showed that the cross-
sections for producing H™ and D~ from DEA to H,O and
D-0, respectively, is very high at 4.6 x10~18 cm? around
6.7 eV. Therefore, any D~ fragments from DEA to D,O con-
taminants are expected to be strongest around this energy. The
kinetic energy for the 1.6 eV feature is consistent with a small
(< 1%) contamination of the CH;COOD sample with D,0?2,
We also performed H™ DEA momentum imaging measure-
ments at the 6.7 eV and 7.7 eV resonances in CH3;COOH and
D~ from CD3COOD, neither of which are presented here, be-
cause the water contamination in each sample was evidently
higher, such that the H™ (D) contribution from DEA to back-
ground H,O (D,0) was more significant. Any contributions
from H,O and D,O at energies higher than 7 eV were deter-
mined, by the same comparisons, to be insignificant.

The 2-body dissociation producing D~ anions by O-D bond
cleavage can be written in the form of Reaction 1 in Tab. L.
Based on the thermochemical data'22425 the threshold for
this dissociation channel is 4.02 eV. The difference between
the incident energy and the threshold for the reaction to take
place is the excess energy, which is 2.68 eV for an incident
electron energy of 6.7 eV. This energy is distributed between
the translational kinetic energies and the internal energies of
the fragments. Using momentum conservation, we can esti-
mate the total kinetic energy release, Er:

M
Er =Ehx — @)
m

where, E’T M, and m are the kinetic energy of the D~ frag-
ment, the mass of the parent molecule, CH;COOD, and the
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FIG. 2. Momentum distribution of D~ ions from O-D bond cleavage of CH3COOD at incident electron energies of 6.7, 7.7, 9.1 and 10 eV.
The incident electron momentum is in the positive longitudinal direction (upward), and each color scale shows the ion yield in arbitrary units.

mass of the neutral fragment, CH3COO, respectively. At the
incident electron energy of 6.7 eV, the peak in the kinetic en-
ergy distribution is 2.39 eV. The difference between the ex-
cess energy and Er is 0.25 eV. This is 9% of the available
excess energy, and it contributes to rotational and/or internal
excitation of the CH3COOQO fragment. At 7.7 eV, the kinetic
energy of the D™ anion has a peak at 2.6 eV, corresponding
to Er =2.69 eV. The excess energy is 3.68 eV, leaving about
27% of the available excess energy as rotational or internal
energy in the neutral molecular fragment. As the incident
electron energy is increased to 9.1 eV at the 3rd resonance
in Fig. 3 for D7/CH3COQD, about 2.1 eV (corresponding to
41% of the excess energy) goes into the internal energy of
the neutral fragment. At 10 eV, the peak corresponding to the
slow D~ is similar in energy and width to the peak at 9.1 eV. In
contrast, the fast D~ kinetic energy peak is at 4.5 eV, and the
width of the fast D~ distribution is about 2 eV. About 1.52 eV
and 2.9 eV (i.e.,, = 25% and 48% of the excess energy) is
partitioned into rotational or internal excitation of the fast and
slow neutral fragments, respectively. Remarkably, for all of

the incident energies in the present experiments, more than
50% of the dissociation energy is partitioned into the transla-
tional energy of the dissociating fragments.

Fig. 4a shows the angular distribution of the D~ ions from
O-D bond breakage for the first resonance at 6.7 eV from
DEA to CH3COQD. Here, we include only the ions with ki-
netic energies above 1.8 eV, in order to exclude any possible
contributions from the small background of D,O. The disso-
ciation angle is defined with respect to the incident electron
beam direction. Most of the fragment ion yield is in the back-
ward direction > 120°, with smaller ion yields in the range of
0 —120°. The measured angular distributions are fitted with
equations (2) and (3), for three models: (i) s+ p(A’) (blue),(ii)
s+p+d(A’) (black), and (iii) p+d(A”) (purple). The angular
distributions clearly show a finite ion yield in the 0° and 180°
directions (i.e., parallel and antiparallel to the electron beam,
corresponding to right and left in Fig. 4a), requiring an s-wave
contribution. Consistently, the fit with partial waves p+d cor-
responding to an A’ — A” transition model shows the poorest
agreement with the experimental data. The fit with only the
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FIG. 3. Kinetic energy distribution of D~ ions from O-D bond cleav-
age of CH3COOD at incident electron energies of 6.7, 7.7, 9.1 and
10 eV. The ion yield for each distribution is rescaled to a maximum
of 1 (arbitrary units).

two lowest partial waves s+ p (A’ — A’) fails to reproduce the
forward-backward asymmetry in the measured angular distri-
butions. The addition of a d-wave to s+ p, in the s+ p+d(A’)
model, reproduces the profile of the of the angular distribution
much better at all angles with an R? ~ 0.96. This clearly indi-
cates that at 6.7 eV, the populated TNI state has A’ symmetry,
if we assume that the ARA holds.

The measured angular distributions of the D~ ions at
7.7 and 9.1 eV from DEA to CH3COOD, corresponding to
the second and third resonances, respectively, are shown in
Figs. 4b-4c. The two resonances have qualitatively similar
angular distributions of the D~ ions, which peak around 100°
and 170° with a shallow minimum around 50° and a small
local maximum around 0°. These features contrast with the
lower energy resonance (Fig. 4a), which is generally more
isotropic. Both, the 7.7 eV and 9.1 eV angular distribu-
tions are consistent with s+ p +d (A’ — A’) transition models
(black curves in Figs 4b-4c), which produce satisfactory fits
with R? 2 0.99. In contrast, the p+d(A”) and s + p(A’) tran-
sition models fit the experimental data poorly, failing to pro-
duce the measured maxima or relative forward and backward
ion yields. Therefore, it is most plausible that both the 7.7
and 9.1 eV resonances have A’ symmetry under axial recoil
approximation.

For 10 eV electron attachment, we examine the fast and
slow ions in Figs. 4d and 4e, respectively. In both cases,
the preferred general direction of ion ejection is again in the
backward direction, opposite to the incident electron beam.
Again, only the model including the lowest three partial waves
s+p+d (A — A) provides a satisfactory fit, R* > 0.97,
strongly suggesting that the 10 eV resonance also has A’ sym-

metry.

B. H7 (D7) due to C-H (C-D) bond break

The momentum images of the H™ and D~ anions for the
C-H/C-D bond break from the third resonance at 9.1 eV for
DEA to CH3COOH, CH3COOD, and CD3COOD are shown
in Figs. 5a-c. Besides the faster H"/D~ ions (outer rings
in Figs. 5a-c), slower ions are also observed at the cen-
ter of the image in each case. The ion yields of the fast
H~/CH3COOH breakups are generally highest in the perpen-
dicular, forward, and backward directions. The slow H™ an-
ions from DEA to CH3COOH and CH3COOQOD appear to be
ejected almost isotropically, with a weak maximum in the per-
pendicular directions. In contrast, the slow D~ ions from DEA
to CH3COQOD show a similar structure as the fast ions. The
kinetic energy distributions for the C-H (C-D) break show
two distinctive peaks, corresponding to the outer peak (fast
H~/D~ ions) and the inner peak (slow ions) inFig. 6. This
general structure is exhibited by all three isotopologues in
the present experiments. The pathway for C-H bond cleav-
age can be represented by Reaction 2 in Tab. I, with a ther-
modynamic threshold of 3.47 eV. The slow H™/D~ ion peaks
occur at about 1 eV, indicating that about 4.6 eV (correspond-
ing to =~ 82% of excess energy) is partitioned to excitation or
few-body dissociation of the neutral fragment(s). The peak
kinetic energy of the fast ions are 3.65, 4.45, and 3.35 eV
for the H"/CH3COOH, H™/CH3COOD, and D~/CD3COOD
channels, respectively. The internal energy of each neutral
fragment is in the range of 1.15 to 2.28 eV, corresponding to
20% to 40% of the excess energy.

We now consider H™ from 9.1 eV DEA to CH3;COOH
(Fig. 5a), which, by comparison with Fig. 2c, clearly occurs
mostly by C-H break. Fig. 7a shows the angular distributions
of the fast (3.6 eV to 4.6 eV) H™ ions for this attachment
energy. The distribution of Fig. 7a has a maximum around
90°, two shallow minima around 45° and 125°, and signifi-
cant yields at 0° and 180°. Applying the s+ p +d(A’) model
(black curve) gives a reasonable fit to the measured distribu-
tion, with an R? value of 0.8. In contrast, the p +d(A”) model
(dotted purple curve) fails to capture the measured ion yield in
the forward and backward directions, and the s+ p(A’) model
(dashed blue curve) fails to capture the forward-backward
asymmetry . This suggests that the 9.1 eV resonance has
A’ symmetry. Similar features are also observed in angular
distributions for fast H™ and D~ ions from CH3COOD and
CD3COOD in Figs. 7c and 7e, which are each in good agree-
ment with s + p + d(A’) model fits (black curves in Figs7e).

V. DISCUSSION

To understand the dynamics of DEA to acetic acid, we con-
sider the possible symmetries of the resonances, the measured
angular distributions, and the possible final states of the dis-
sociation products. First, we discuss the ground and low ly-
ing excited vibrational and electronic states of the dissocia-
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(a) 6.7 eV

(b) 7.7 eV

(©)9.1eV

- ¥

180°
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(d) 10 eV (Fast ions)

OO

(e) 10 eV (Slow ions)

FIG. 4. Angular distributions of D™ ions from O-D bond cleavage of CH3;COOD, at 6.7, 7.7, 9.1 and 10 eV. The experimental angular
distributions (solid red circles) are fitted assuming A’ — A’ transitions using partial waves s+p (dotted blue lines) and s+p+d (solid black line),
and under the assumptions of A’ — A" transitions using partial waves p+d (dotted purple lines). The incident electron direction is 0deg,and

the ion yields are displayed on a linear scale in arbitrary units.

tion products and their stability with respect to energy absorp-
tion, identify the possible dissociation pathways in the three
resonance regions. Next, we compare our results with the
VUYV photoabsorption and electron energy loss (EELS) spec-
tra of neutral acetic acid available in the literature. Finally,
we consider the possible electron attachment probabilities in
the molecular frame (the entrance amplitude), within the axial
recoil approximation, for acetic acid by comparing with the
well studied Feshbach resonances in formic acid.
Photodetachment and photoelectron-photofragment coinci-
dent spectroscopy'> were employed to study the dissociation
dynamics of the neutral acetyloxyl radical, CH3;COO, starting
from the acetate anion (CH3COO™) equilibrium geometry. A
stable neutral radical (CH3COO or CH,COOH) and dissoci-
ation products CH3 and CO,, were found following photode-
tachment. The branching ratio of 1:9 between the generation
of a stable radical and a dissociation suggested that CH;COO
is metastable and undergoes spontaneous uni-molecular disso-

ciation, rather than direct dissociative photodetachment. The
study also found that the fragment CH,COOH is the result of
an isomerization process of CH3COO after photodetachment.
The exact path for hydrogen atom transfer is not known, but
it was found to be energetically favorable*>#¢ with a barrier
height of 0.08 eV between the lowest states of CH3COO and
CH,COOH. The lowest few electronic states of the acetyloxyl
have also been studied computationally. The ground elec-
tronic state has been characterized as a B,-like 24" state, and
the lowest excited electronic state was found to be only 0.1 eV
to 0.2 eV higher in energy having 2A’ character'. The second
excited electronic state is predicted to be about 0.7 eV above
the ground state*’. High-resolution photoelectron imaging of
acetate anions*® found two bound vibrational states around
0.048 eV and 0.066 eV above the ground state, where the first
one is the O-C-O bending and the second one is the C-C in
plane wagging mode. DFT calculations in Ref.*’ revealed that
the CH,COOH radical is unstable by 0.03 eV and will most
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FIG. 5. Momentum distribution of H~ and D~ ions from C-H/C-D bond cleavage of CH3COOH, CH3COOD and CD3COOD at 9.1 eV. The
incident electron momentum is in the positive longitudinal direction (upward), and each color scale shows the ion yield in arbitrary units.

likely dissociate into the fragments CH3 and CO;.

In the present experiments, for O-H/O-D bond breakage at
6.7 eV and 7.7 eV, the energies available for excitation of
the neutral CH3COO radical are approximately 0.25 eV and
1 eV, respectively. Such low internal energies are consistent
with two-body fragmentation (Reaction 1 in Tab. I), although
several low-lying excited vibrational and electronic states are
accessible at this energy. For the higher energy resonances
at 9.1 eV and 10 eV, the energies partitioned into the neutral
fragment are between 1.52 eV and 2.9 eV, suggesting a higher
probability of isomerization and/or dissociation of metastable
CH;CO0".

Turning to the C-H/C-D bond breakage, it is implausi-
ble that the slow H7/D~ ions are the result of two-body
dissociation, because the energy deposited in CH,COOH,
CH,COOD, and CD,COOD would be 4.63 eV, 4.41 eV, and
4.62 eV, respectively. Such high internal energy is sufficient
for direct three-body dissociation, as represented by the dis-
sociation Reaction 3 in Tab. I, with a thermodynamic thresh-
old of 3.39 eV. The higher energetic thresholds of 5.46 eV and

7.99 eV (Reactions 4 and 5 in Tab. I) are also possible. In con-
trast, for the fast H=/D~ ions at the same electron attachment
energy, the internal energy of the neutral fragments are much
lower, ranging from 1 eV to 3 eV, and the distribution is nar-
row. Therefore, we expect a prompt two-body fragmentation,
where most of the available energy is partitioned into transla-
tional kinetic energy, although the metastable neutral radical
may subsequently undergo further dissociation. The branch-
ing ratios of C-H/CH3COOH and C-D/CD3COOQOD breaks to
produce fast and slow H™ and D~ anions are roughly the
same. It is around 4:1, whereas for C-H/CH3;COOQOD break
itis around 3:1.

The fits to the measured angular distributions (Figs 4 and
7) indicate that all four resonances, each corresponding to a
distinct TNI state, have A’ symmetry. However, due to their
broad width of each resonance and their overlaps in energy, we
do not rule out the possibility of A” symmetry for the second
and third resonances, because some of the A’ character may
be embedded by a nearby resonance into each of those angu-
lar distributions. We note that the broad resonance widths!'!
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FIG. 6. Kinetic energy distribution of H™ and D™ ions from C-
H/C-D bond cleavage of DEA to CH3COOH, CH3COOD, and
CD3COOQD at incident electron energies of 9.1 eV. The ion yield for
each distribution is rescaled to a maximum of 1 (arbitrary units).

are comparable to the present electron beam energy resolution
of (0.5 eV), and the intrinsic energy width of each resonance
is primarily due to the projection of the ground state of the
neutral molecule in the Franck-Condon region onto the repul-
sive potential energy surface of each TNI state’. To char-
acterize each TNI resonance, we consider the possible neu-
tral parent states of the present Feshbach resonances from the
VUV photoabsorption'%>1-56 and EEL’ spectra in the litera-
ture. We turn our attention now to the O-H/O-D break at the
6.7 eV resonance. Leach er al.'® have reported two transi-
tions just above 6.7 €V: (i) the valence transition 13a’ — 144’
at 6.669 eV (calculated) with an oscillator strength of 0.047,
and (ii) the Rydberg transition 134’ — 3sa’ at 7.25 eV (ex-
perimental) with an oscillator strength of 0.02. They assigned
the valence transition 13a’ — 14d’ as the nj, — o/, transi-
tion, which is the same as the A’ — X transition in the nomen-
clature of Bell er al.’'. Robin>* assigned the broad feature
at 7.08 eV as an ng — 3s Rydberg transition. Ari et al.’’ as-
signed a feature in EELS at 7.1 eV to the 13a’ — 3sa’ Rydberg
transition, which appears to agree with Refs.!%33->* Based on
these studies, the valence state (13a’)~!(14a’)! or Rydberg
state (13a’)~!(3sa’)! could be the parent TNI state of a Fesh-
bach resonance. Therefore, in the 6.7 eV Feshbach resonance,
the incident electron may excite the 134’ valence electron and
be captured simultaneously either in the 14a’ valence orbital
or the 3sa’ Rydberg orbital, giving the TNI state an A’ sym-
metry. This indicates a possible mixed valence and Rydberg
character in the first resonance.

The Rydberg optical transition to the 3s orbital in acetic
acid shows a broad diffuse structure similar to the correspond-
ing structure in formic acid!®>!. The maximum of the band in

acetic acid is at 7.795 eV'?. Leach ef al.'” further identified
three valence transitions in their VUV photoabsorption mea-
surements and calculations, although they were found to be
one order of magnitude weaker than the Rydberg transition.
We note also that the EELS®’ investigation found a promi-
nent peak at 7.8 eV, which was assigned to a # — 7" tran-
sition. Since the symmetry of the 7.7 eV resonance is most
likely A’ (Fig. 4b), the parent is probably either the Rydberg
state (13a’)~!(3sa’)!, or a mixture of Rydberg and valence
(3d")~'(4a")", configurations.

We will now discuss 9.1 eV resonance, which dissoci-
ates by both O-H and C-H bond break. Three Rydberg
bands, which are candidate parent TNI states of a Feshbach
resonance at 9.1 eV, have been reported in spectroscopic
studies!®% as the following transitions: (i) 134’ — 3dd’ at
8.948 eV, (ii) 13a’ — 4sd’ at 8.994 eV, and (iii) 3" — 3pa”’
at 9.268 eV. The first A’ Rydberg transition 13a’ — 3dd’ is a
weak band. The second A’ Rydberg transition 134’ — 4sd’
was reported in two EELS studies®®>7, where the correspond-
ing band starts at 9.0 eV. It was assigned to a ny — 4s transi-
tion. We consider the (13a’)~!(4sa’)! state could be the par-
ent state of a Feshbach resonance at 9.1 eV, consistent with
the A’ symmetry, which is evident in Figs. 4c and 7.

The two distinct momentum rings we observe at 10 eV for
O-H scission from CH3COOD in Fig. 2d suggest two dif-
ferent pathways leading to different ion momenta. Previous
measurements'! of the D~ yield from O-D bond breakage in
CH;COOD!!" show only weak contributions between 9 eV
and 10 eV that manifest as a high energy shoulder of the
7.7 eV resonance. To understand the possible origins of the
two rings, we consider first the possibility that O-D scission
produces the acetyloxyl radical in two low-lying electronic
states!#47. Tt is possible that a conical intersection between
two excited states of the neutral acetic acid in the third reso-
nance leads to the two low-lying excited state of the acetyloxyl
radical, analogous to the formyloxyl states produced by the A’
resonance in formic acid®®. The dependence of the relative
yields of the two rings to the attachment energies above and
below 10 eV suggests, however, that the inner ring is due to
a contribution from the 9.1 eV resonance. We found that the
inner ring yield decreases as the electron beam energy is in-
creased above 9.1 eV, while the outer ring yield increases as
the beam energy is increased from 9.1 eV and 10 eV.

We have not found any previous reports of the 10 eV TNI
resonance observed as the outer ring in Fig. 2d. A correspond-
ing parent neutral state could be populated by any of the fol-
lowing Rydberg transitions'%: (i) 13a’ — 4pd’ at 9.435 eV,
(ii) 13d' — 4dd’ at 9.695 eV, and (iii) 13a’ — 5sa’ at 9.78 eV.
Notably, the 10 eV resonance has around 1 eV higher KER
than the 9 eV resonance, which suggests that both resonances
produce acetyloxyl in the ground electronic state.

We now consider the effect of methylation on the DEA res-
onances and dynamics by a comparison between acetic acid
and formic acid, which was studied previously by anion frag-
ment momentum imaging®. In Fig. 8, we compare the an-
gular distributions of H™ for O-H bond breakage at 7.25 eV
and 7.7 eV for DCOOH and CH3COOH, respectively. In
CH3COOH, we observe that the emission of the H™ frag-
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FIG. 7. Angular distribution of H~ (D7) ions from C-H (C-D) bond cleavage of DEA to CH3COOH, CH3COOD, and CD3COOD at 9.1 eV.
The experimental angular distributions (solid red circle) are fitted with the assumption of a A" — A’ transition using partial waves s+p (dashed
blue line) and s+p-+d (solid black line), and under the assumption of a A’ — A” transition using p+d ( dotted purple line). The incident electron
direction is Odeg,and the ion yields are displayed on a linear scale in arbitrary units.

ment mainly occurs in the backward direction near 180°. In
contrast, the H™ from DCOOH is emitted mainly in the for-
ward direction near 0°, i.e., in the direction of the electron
beam. The squared modulus of the 3D entrance amplitude >°
(the electron attachment probability in the molecular frame)
for O-H bond breakage from the lowest A’ Feshbach reso-
nance in formic acid shows that electrons have a maximum
probability for attaching to the molecule when the O-H di-
rection is parallel to the incident electron beam direction (top
sketch in Fig. 9). A similar comparison can be made for the
6.7 eV resonance in CD3COOD with the 7.25 eV resonance
in HCOOD. The general trend is that the angular distributions
of H™ from CH3COOH and DCOOH resemble mirror images
of each other (Fig. 8). In acetic acid, the O—C=0 equilib-
rium bond angle is 123°1%3°. The electronic structure study
in Ref.!# has shown that, at their optimized geometries, the
ground state of the acetyloxyl radical as well as the low-lying
excited states all have C; symmetry, and the O—C=0 bond

angles vary from 110 — 141°, which suggests some rotation of
the O-H bond is likely as the acetic acid TNI dissociates by
O-H break. If such rotation is sufficiently small the the ARA
is remains valid, and we find electron attachment probability
is highest when the O-H bond is aligned antiparallel to the
incident beam, as depicted in the bottom sketch of Fig. 9, in
contrast with formic acid. This could possibly be confirmed
by future ab initio electron scattering calculations.

VI. CONCLUSION

We have presented the results of the 3D anion momentum
imaging measurements of DEA to acetic acid and its partially
and fully deuterated forms, leading to H=/D~ fragments from
O-H/O-D and C-H/C-D bond scissions at four resonance en-
ergies spanning 6.7 eV to 10 eV. We also measured the kinetic
energy and angular distributions of the H™ and D~ anions.
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180°

FIG. 8. Measured H™ angular distribution from O-H bond break-
age for the 7.7 eV electron attachment resonance in acetic acid
CH3COOH (blue square) compared with the corresponding angular
distribution at 7.25 eV in partially deuterated formic acid, DCOOH
(red circle). The ion yields are displayed on a linear scale in arbitrary
units.
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FIG. 9. Comparison of the maximum probability of attaching an
electron to formic acid®® and acetic acid. The red arrow represents
the O-H dissociation axis. The green arrow indicates the preferred
electron attachment direction for generating the measured angular
distribution in Fig. 8. The O-C-O bond angles for the ground and
low-lying electronic states are taken from'%148,

The energy partitioning indicates mostly two-body dissocia-
tion for O-H/O-D bond breakage at all energies, whereas the
C-H/C-D bond breakage at the 9.1 eV resonance indicates the
involvement of both two- and three-body dissociation with a
branching ratio of 4:1 for both CH3COOH and CD3;COOD,
and 3:1 for CH3COOD. The anion fragment angular distri-
butions were analyzed under the assumption that the axial re-
coil approximation holds, in order to determine the most likely
symmetries of each TNI electronic state. The angular distribu-
tions are found to be consistent with all four resonances hav-
ing A’ symmetry. We note that, due to the energy-overlapping
nature of these resonances, contributions from A” symmetry,
particularly above 7.7 eV, should not be ruled out. Both the
6.7 eV and 7.7 eV Feshbach resonances are tentatively as-
signed as having mixed valence and Rydberg character. By
comparing the present experimental results with recent exper-
imental and theoretical investigations of formic acid, we find
that the 9.1 eV resonance proceeds via both O-H and C-H
bond scission. For O-D bond breakage from CH3COOQOD at
10 eV, where we observe two distinct D™ momentum rings,
providing strong evidence for a fourth A’ resonance that, to
our knowledge, has not been previously reported. Finally, we

conclude that electron attachment to acetic acid for all four
resonances is generally most likely to take place in the molec-
ular plane with the methyl functional group in the forward
direction relative to the incident electron. This contrasts with
the A’ resonance in formic acid, where the electron attachment
amplitude is highest when the hydroxyl functional group is in
the forward direction.
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