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Abstract

VUV photodissociation of gaseous acetic acid was studied in the 6-23 eV range using synchrotron radiation excitation, photofrag-
ment fluorescence spectroscopy and mass spectrometry. OH (A-X), CH (A,B-X) and H-Balmer emissions were observed. Their relative
intensities were studied by fluorescence excitation spectroscopy. The fluorescence quantum yield for OH emission has a maximum of
0.9% at 13.3 eV photoexcitation, dropping to 0.5% at 20 eV; that for CH (A-X) is 0.35% at 16 eV and 0.4% at 20 eV. Photoionization
mass spectra (PIMS) of CH3COOH were measured and the appearance energies of the principal photoions were determined. IE(CHs-
COOH) =10.58 +0.02 ¢V is 40-60 meV lower than previous PIMS values. Dissociative ionization reaction channels are discussed in
detail. The results call into question previous determinations of the heat of formation and ionization energy of the acetyl radical. A
new pathway is suggested for the formation of HCO™, and the assignments of the m/z = 16, 28 and 31 ions are clarified. The formation
of CH7 at threshold is shown to involve carbon-carbon bond rupture and a potential energy barrier. The results of this study are used to

discuss aspects of astrophysical observations involving the parent and fragment species.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Absorption of VUV photons by a molecule opens up
many photophysical processes, including a variety of relax-
ation processes [1]. Previous studies of the vacuum-UV
(VUV) spectroscopy and photophysics of acetic acid
(CH5COOH) have been mainly limited to absorption and
fluorescence measurements below 11.4 eV [2,3], apart from
a photoionization mass spectrometric study by Villem and
Akopyan [4] up to 13 eV, and one by Zha et al. [S], up to
17 eV.

Photodissociation and dissociative photoionization pro-
cesses [1] can give rise to electronically and/or vibrationally
excited product species, as we found for acetic acid. This
molecule is observed in the interstellar medium [6] and is
expected to exist in comets [7] where, in both cases, VUV
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radiation is present. It is also a constituent of the Earth’s
atmosphere, especially over urban areas [8]. Thus, a study
of the VUV photophysics of acetic acid is necessary for
interpreting the relevant astrophysical and atmospheric
observations.

We have carried out extensive studies on the spectros-
copy and photophysics of acetic acid in the 6-23 eV energy
region. An analysis of the 6-20 eV photoabsorption spec-
trum has been made and is published elsewhere [9]. In
the present work we have used photofragment fluorescence
spectroscopy as an analytical tool to provide insight into
the photoprocesses of acetic acid. Identification of the
emission features observed in the dispersed fluorescence
spectra of CH3COOH is followed by a fluorescence excita-
tion (FEX) spectral study of the excitation energy depen-
dence of these features. Analysis of the FEX spectra is
made with the aid of data from the VUV absorption spec-
tra and thermochemical limit calculations of the relevant
processes forming the emitting electronic states. In Table
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Table 1
Heats of formation (298 K) of species used to calculate thermochemical
energies

Species Heat of formation Species Heat of
(298 K) eV formation

(298 K) eV
H 2.259 [18] COOH* 6.188 [18]
o 2.58 [18] HCOO —1.344 [22]
OH 0.404 18] CH,4 —0.772 [19]
OH* 13.424 [18] CH} 11.731 [19]
CH 6.174 [19] CH;0 0.176 [18]
co —1.145[18] CH;0" 8.725[19]
co* 12.87 [18] CH,OH —0.195 [20]
H,0 —2.506 [18] CH,OH™" 7.343 [20]
HCO 0.436 [20] CH,CO™ 9.119 [18]
HCO* 8.56 [19] CH;0H —2.088 [18]
COH —0.179 [5] CH500 0.2083 [23]
COH™ 9.98 [19] CH;CO —0.124 [18]
CO, —4.078 [18] CH;CO™ 6.876 [18], [19]
COy 9.693 [18] CH;COO —2.242 [24]
CH; 1.513 [18] CH;COOH  —4.479 [18]
CHY 11.342 [20] CH;COOH"  6.101 [18T}
COOH (HOCO) —2.311 [21]

% And present work value of ionization energy of CH;COOH.

1 are given the heats of formation at 298 K of the atomic or
molecular species used to calculate thermochemical thresh-
old energies of the various dissociation processes discussed
in the present work. We have also measured, and inter-
preted, the mass spectra of CH;OOH as a function of pho-
ton excitation energy up to 100eV, and measured the
appearance energies of the ionic products of dissociative
ionization. The dissociation reaction channels are discussed
in detail. The results of this study are used to discuss as-
pects of astrophysical observations involving this species.

2. Experimental

Monochromatized synchrotron radiation was obtained
from the Berlin electron storage ring BESSY I (multi-
bunch mode) in association with a 1.5m McPherson
monochromator (Normal incidence (NIM), dispersion
5.6 A/mm). Some of the mass spectrometric measurements
were performed at LURE/Orsay (SA63 beamline, 3 m
NIM monochromator).

The grating transmission function of the BESSY I
monochromator is recorded by detecting the visible fluores-
cence emitted by the sodium salicylate layer placed on a
quartz window. For fluorescence measurements, the syn-
chrotron light beam is focused into an open brass cell, dif-
ferentially pumped, containing acetic acid vapor at a
pressure typically around 10~ mbar. In this pressure re-
gion the concentration of acetic acid dimers to monomers
is negligibly small [3]. Fluorescence induced in the irradi-
ated target molecules passes through a quartz window
and is dispersed using a 20 cm focal length secondary
monochromator (Jobin-Yvon H 20 UV, grating blazed at
300 nm). This monochromator has a fixed, exchangeable
exit slit but has no entrance slit. The width of the effective
“entrance slit” is given by the spatial extension of the excit-

ing light beam (approximately 1 mm). The emitted fluores-
cence light, measured in the 250-550 nm wavelength range,
is detected by a photon-counting Hamamatsu R6060 pho-
tomultiplier, cooled to 250 K by a Peltier element. The
spectral response function of this arrangement has been
determined by recording the spectrum emitted by a tung-
sten halogen lamp, which is then deconvoluted according
to Planck’s law. A dispersed fluorescence spectrum typi-
cally contains 2 points per nm. The resolution of these
spectra is between 4 and 20 nm depending on the choice
of the effective exit slit width.

Dispersed fluorescence measurements were carried out
at six excitation energies, respectively, 10, 13, 15, 16.2, 18
and 20eV. The excitation bandwidth was ~0.8 nm. In
recording the fluorescence excitation (FEX) spectra, the
secondary monochromator is fixed at a desired wavelength
with a large exit slit and the primary monochromator is
tuned in steps of typically 50-100 meV (400-800 cm ™).
The FEX spectra are corrected for the grating transmission
function of the primary monochromator and for the VUV
photon flux, respectively. The bandwidth was ~0.3 nm,
and the FEX spectral resolution was 40 meV at 13 eV pho-
ton excitation. We show unsmoothed fluorescence spectra
in all figures. A high resolution VUV absorption spectrum
of acetone was used for calibration of the observed FEX
spectral wavelengths.

Mass spectra of acetic acid were measured using a quad-
rupole mass spectrometer (Leybold Q200) at BESSY I for
ions produced by excitation with 20 eV photons, and ion
yield curves were obtained through photon energy scans
with measuring intervals of 30 meV (as compared with
the 150-250 meV intervals in the TEPEPICO measure-
ments of Zha et al. [5]). The yield curves of the principal
ions observed are presented in Fig. 3. Ion appearance ener-
gies were determined with the aid of semi-log plots of the
ion yield curves. The fluorescence and mass spectral mea-
surement techniques used at BESSY I are essentially the
same as those used previously for a study of formic acid
[10]. Mass spectra of acetic acid were also measured at 25
and 100 eV photon excitation energy at LURE-Orsay, with
a reflectron-type time-of-flight mass spectrometer, using a
set-up described in detail elsewhere [11,12]. Commercial
acetic acid of highest available purity was used without fur-
ther purification. We note that eventual contamination
with water can easily be revealed during the experiments
by observing the well-known fluorescence excitation spec-
trum of OH (AX" — X°II) emission, which is known to
follow VUV photoexcitation of H,O between 140 and
100 nm [13].

3. Absorption spectroscopy of CH;COOH

Before discussing the results of our VUV photophysical
study of acetic acid it is useful to briefly consider the
absorption spectroscopy of this molecule (Fig. 2(c)), which
is discussed in more detail elsewhere [9]. Acetic acid has an
effective symmetry C,. The lowest lying excited electronic
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state is 1'A”, to which photoabsorption from the 1'A’
ground state has experimentally been observed as a broad
band at about 6 eV, with a very small cross section. It has
been attributed to a ©* < n, transition [9]. The photodisso-
ciation dynamics of the 1'A” state have been studied in de-
tail using laser induced fluorescence spectroscopy, mainly
by the group of Guest [14-16]. Decomposition occurs into
CH;CO and OH at 5.69 eV, and secondary decomposition
of CH;3CO, probably into CH; and CO, is observed at
6.2 eV. It is of interest that the weakest bond in the ground
state parent molecule, the C—C single bond, is not broken.
In the VUV regime, below the first ionization energy
(10.58 eV, see Section 4.2.2), additional valence transitions
as well as Rydberg series converging to the first I.LE. have
been identified in the absorption spectrum of CH;COOH
[9]. Their absorption cross sections are large as compared
to the UV absorption populating the 1'A” state. Above
the first ionization energy, we observe increasing photoab-
sorption until a plateau of about 72 MB is reached at about
17 eV (see Fig. 2(c)). Broad bands in the 12-20 eV region
are superimposed on a continuous absorption background.
The valence and Rydberg absorption bands of acetic acid
have been assigned recently [9]. The VUV photofragmenta-
tion behaviour will be discussed in Sections 4.1 (fragment
fluorescence) and 4.2 (dissociative ionization).

4. Results and discussion
4.1. Fluorescence observations of fragmentation processes

4.1.1. OH emission

Fig. 1(a) shows the dispersed fluorescence spectrum of
acetic acid at an excitation energy of E.,. = 13 eV (spectral
resolution ~8 nm). The intensity is scaled linearly. At this
excitation energy we observe two bands, being respectively
the OH (A’Z" — X*II) emissions at 308 nm (0-0) and
282 nm (1-0). Suto et al. [3] found no fluorescence in total
fluorescence excitation experiments over the excitation
range E..=4.9 — 11.7eV. They estimated an upper limit
of 0.02% for the fluorescence quantum yield. In contrast,
Vinogradov and Vilesov [17] observed a significant OH
fluorescence quantum yield at wavelengths shorter than
125 nm (9.92 eV), with the yield at 106 nm (E,. = 11.7 eV)
reported to be 0.2% and at 90 nm (E.,. = 13.78 eV) to be
0.7%. Our FEX spectrum of OH emission shows that there
is very weak fluorescence of this radical at 10eV (see
below).

In Fig. 2(a), we show the fluorescence excitation (FEX)
spectrum of the OH A’Z" — 2IT emission (Aops = 310 nm)
in the 822 eV excitation energy range. For comparison,
we also show the photoabsorption spectrum of acetic acid
(Fig. 2(c)) taken from Leach et al. [9]. In this energy region,
our measured relative intensities of the OH FEX bands are
normalized, and are situated quantitatively with respect to
the fluorescence yield measurements of Vinogradov and
Vilesov [17]. We remark that water impurity is negligible
in the FEX experiments. This is illustrated by our FEX
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Fig. 1. Dispersed fluorescence spectra observed upon photoexcitation of
acetic acid at: (a) Ee.=13eV. Spectral resolution is ~8 nm. (b)
Eexc =15¢eV. Spectral resolution is ~8 nm. (¢) Eex. =20eV. Spectral
resolution is ~4 nm.
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Fig. 2. Fluorescence excitation (FEX) spectra of acetic acid in the 6-22 eV
photon excitation region: (a) OH (A-X) (Zops = 310 nm), semi-log plot of
the signal shown as an insert; (b) CH (A-X) (4ops = 428 nm) emissions; (c)
Photoabsorption spectrum of acetic acid in the 6-20 eV region [9].
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spectrum of OH emission detected at 310 nm, in which the
detailed structure, in particular between 10 and 12.4 eV, of
the known OH emission in the FEX spectrum of water [12]
is virtually absent. We note also that the fluorescence
quantum yield of water (OH emission) in this region is at
least 10 times greater than our measured yield of 310 nm
emission [12].

Our onset for the 310 nm band is at 9.2 +0.1eV as
determined from a semi-log plot of the signal, shown as
an insert in the threshold region of the OH (A) FEX spec-
trum in Fig. 2(a). The onset reported by Vinogradov and
Vilesov [17] is 9.36 & 0.04 ¢V. Their yield curve extends
to the maximum fluorescence quantum yield of 0.7% at
13.78 V. Our OH fluorescence yield curve extends to Eqy. =
22 eV and is very similar in profile to that of Vinogradov
and Vilesov over the 8-13.77 eV excitation range common
to both studies, but our maximum quantum yield is found
at 13.3 eV. We note that our onset energy coincides with
some of the lowest energy Rydberg bands converging to
the ion ground state in the absorption spectrum [9],
whereas the region of the maximum OH fluorescence yield
is that of broad overlapping Rydberg bands converging to
the second electronic excited state of the acetic acid ion [9].
A second, less intense, OH fluorescence yield maximum is
observed at 15.8 ¢V, followed by a further rise to the
20 eV region. Using the OH fluorescence quantum yields
of Vinogradov and Vilesov [17] to calibrate our own values,
we calculate that the quantum yield of fluorescence is 0.9%
for OH (A) emission at E..=13.3¢eV, 0.4% at Eye=
16 eV and 0.5% at E,,. = 20 eV. Although our experiments
do not allow us to observe neutral fragments in their elec-
tronic ground states, on energy grounds it is reasonable to
assume that the processes leading to the observed fluores-
cence are in competition with acetic acid dissociation pro-
cesses giving non-excited products. The latter processes
would constitute more efficient relaxation pathways of
the electronic excited states of the parent molecule.

From enthalpy of formation (AHy) data (Table 1) and
the OH (A’Z" — X?II) T, value (4.017 eV [25]), we calcu-
late the thermochemical onset to be 8.79 eV for the reaction

CH;COOH — CH;CO + OH (A2") (1)

This is 400 + 100 meV below our measured onset energy of
the OH (A) emission. The difference between the thermo-
chemical and the measured onset energy could indicate
the existence of a potential barrier between the CH;COOH
excited state and the dissociation surface leading to the OH
(A) fragment. If this were the case, one would predict that
the initial rise of the OH emission yield beyond the onset
would be slow, which is not incompatible with our mea-
sured yield curve (Fig. 2(a)). The difference between the
thermochemical and the measured onset energies probably
also reflects the fact that the detection sensitivity for fluo-
rescence photons is limited, so that our measured onset en-
ergy is an upper limit.

We note, however, that since the reaction CHj;
COOH — CH;CO + OH (X°II) has an observed onset at

5.69 eV [15], one might expect the appearance energy for
reaction (1) to be 9.707 eV, well above our observed and
the thermochemical onset energies. Hunnicutt et al. [15]
have shown that the reaction forming OH (X>IT) involves
a potential barrier of the order of 610 meV. From this,
and our AE =9.2 + 0.1 eV for OH (A’L") emission we in-
fer that dissociation to the excited OH radical, via Rydberg
state excitation at 9 eV, occurs without a potential energy
barrier.

At higher energies, we observe a OH FEX maximum at
about 13.3 eV, which can be correlated with the absorption
feature at about 13-13.3 eV [9], as mentioned above, and
an EELS peak at 13 eV [26]. The fall-off after this maxi-
mum occurs in a region where there is a rise of CH emis-
sion (see below). There are less intense OH FEX peaks at
about 15.8 eV, perhaps related to the absorption inflexion
at 15.77 eV, and at about 20 eV. An inflexion at about
14.5 eV may be related to the absorption peak at 14.5¢eV.
There is also a peak at 14.5¢V in the CH emission FEX
spectrum (see later). We note that since the our AE of
CH;CO™ is 11.60 4 0.05 eV (Section 4.2.3), and the excited
OH(A) state energy is 4.017 eV [25], we can expect the
opening of the dissociative ionization channel

CH;COOH — CH;CO™ +OH (A%) (2)

to be at 15.69 eV, i.e., not far from the beginning of the rise
in the OH emission yield at 15.2 eV. The fall-off from 16 eV
parallels the disappearance, in TPEPICO experiments, of
the CH;CO™ ion in this energy region [5]. The OH fluores-
cence yield curve rises again at 17.9 eV. We considered
whether this could be due to opening of the channel

CH3;COOH — CH;* +OH (A2*)+CO 3)

but the thermochemical limit for this channel, 19.24 eV, is
over 1 eV above the rise point.

4.1.2. CH and H emissions

As excitation energy increases beyond 13 eV in our dis-
persed fluorescence measurements, we see not only the OH
emission bands, but also at and above E..=15¢eV
(Fig. 1(b), spectral resolution =8 nm), the (0,0) band of
the CH (A’A — X°II), transition (Q head 431.4 nm). In
addition, we observe extremely weakly the (0,0) band of
the CH (B’X~ — X?I1) transition at 388 nm. This is rein-
forced at E.. =20¢V (Fig. 1(c), resolution 4 nm) where,
in addition we observe the Hf line at 486.1 nm and the
Ho line at 410.1 nm.

We note that the emission band at 431 nm has a broad
base (Fig. 1(c)) so that it is necessary to investigate
whether it has more than one component. A possible ex-
tra component would be H-Balmer-y (n = 5 — 2) emission
at 434 nm. H-Balmer-y could result from the dissociation
process:

CH;COOH — CH;COO +H (n=5) (4)

which has a thermodynamic onset energy of 17.55¢V.
However, this thermochemical value is much higher than
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the observed onset energy for the 431 nm emission which is
AE =128+ 0.1 eV as discussed below. We conclude by
assigning the 431 nm band to CH (A) emission, but do
not exclude a contribution of H-Balmer-y (5-2) at excita-
tion energies above 17.5 eV. We note that from our FEX
spectrum (Fig. 2(b)) the fluorescence quantum yield for
CH (A-X) is 0.35% at 16 eV and 0.4% at 20 eV but with
a minimum of about 0.12% at 17.8 eV, a region where there
is @ minimum in the OH emission yield, and a further min-
imum at about 21.3 eV. The increase in the 428 nm FEX
signal between 17.8 and 20 eV might be due, in part to
H-Balmer-y (5-2) emission, as mentioned above.

We next discuss the fluorescence band at 485 nm
(Fig. 1(c)), whose observed small bandwidth of 4 nm, (we
mention that 4 nm was our resolution limit in the 20 eV
excitation dispersed fluorescence measurements), suggests
that it is due to an atomic emitter. The wavelength of
H-Balmer-f emission is 486.1 nm so that, at our spectral
resolution, this is the most probable assignment. Its ther-
mochemical onset energy is calculated to be 17.25eV. An-
other possible assignment is to the (0,1) band of the
A%A — X°T1 transition of the CH radical whose Q head
should occur at 489 nm. We did not measure the FEX spec-
trum of the 485 nm band, so we cannot affirm the respec-
tive importance of these two possible emitters as a
function of excitation energy. However, in the set of the
dispersed fluorescence spectra, the 485 nm band is observed
at 20 eV but not at lower excitation energies so, on thermo-
chemical grounds, it is most probably due to H-Balmer-f3
emission.

In Fig. 2(b), we show the fluorescence excitation (FEX)
spectrum of the CH emission (/Aops =428 nm) in the 8-
22 eV excitation energy range. Our measured relative inten-
sities of the CH FEX bands are normalized as discussed
above for the OH emissions. Our observed onset for
428 nm emission of CH (A-X) is at E.,.=12.8 +0.1¢V.
This AE might correspond to the threshold energy of the
reaction

CH;COOH — CH;00 + CH (A) (5)

The calculated thermochemical threshold energy is
13.74 eV. However, the unknown nature of the structure
of the CH;00 radical that would be formed by photodis-
sociation of acetic acid prevents us from validating this cal-
culated thermochemical threshold energy. At higher
energies there is a minor FEX peak at about 14.5 eV, men-
tioned above, and a second onset occurs in the yield curve
at 14.9 eV, consistent with the reaction

CH3;COOH — CH (A) + CH; + O, (6)

calculated to have a thermochemical threshold energy of
15.05 eV. Major peaks occur at 16.2 eV (absorption peak
at 16.83e¢V) and at about 20eV. Since the FEX and
absorption bands are broad in this energy region we cannot
say whether OH (A) and CH (A) stem from different or
common CH3;COOH superexcited states.

4.1.3. Absence of oxyl radical emissions

It is of interest that no emission of the HCOO radical
was observed over the 10-20 eV excitation energy range,
in contrast to the case of formic acid excitation, in which
this radical emits a series of close-lying bands between
335 and 480 nm [10]. In formic acid, FEX experiments
show that the formyloxyl radical HCOO emission is excited
only between 9 and 13 eV. In acetic acid, we did not study
dispersed fluorescence below 10 eV photon excitation. The
excited HCOO radical would be formed in acetic acid by
CH;COOH — CH; + HCOO*. The thermochemical limit
for this process is 8.89 eV, so that it would be worth explor-
ing the excitation range §-10 eV.

One must also consider the H-loss process analogous to
formic acid, i.e., CH;COOH — CH;COO* + H. The acet-
yloxyl radical CH3;COO emission spectrum is not known.
In fact, CH3COO has not been detected spectroscopically
due to its strong tendency to decarboxylate [3,27-29]. Peye-
rimhoff et al. [28] calculate that for a particular CH3;COO
structure, its lowest state is 2A”(°B,), above which lie
2A’(*A)), nearly degenerate with an excited A”(*B,) elec-
tronic state at 1.98 eV. Easy dissociation of CH;COO to
CH; + CO, is suggested. The calculations of Rauk et al.
[29] give 4 local minima structures for the ground state of
CH;COQO. Facile dissociation to CH; + CO, is also pre-
dicted for excited states. Thus, CH;COO formed in an ex-
cited state would dissociate rather than emit, in contrast to
HCOO*.

4.2. Dissociative ionization

4.2.1. Initial survey of mass spectra

The mass spectra of acetic acid excited by 20, 25 and
100 eV photons are reported in Table 2. The relative inten-
sities of the m/z peaks are normalized to that of m/z = 43.
The same mass peaks are observed at 20 and 25 eV excita-
tion with few important changes in relative intensities, in
spite of the fact that different mass spectrometers were used
in these two cases. In the quadrupole mass spectrometer
used at 20 eV excitation, the relative ion peak intensities
are not proportional to abundances because ion detectivity
and resolution are a function of ion mass.

One of the intensity changes concerns the parent ion,
which increases in relative intensity, with respect to
m/z = 43, with increasing excitation energy. This appears
to be due to a fall-off in the yield of m/z = 43 as increased
fragmentation occurs with increasing F.,., so that the rela-
tive yield of the fragment ion m/z = 43 to that of the parent
ion m/z = 60 decreases with increasing E.., as confirmed
in the region up to 25 eV by a direct comparison between
the PIMS ion yield curves of m/z = 60 and m/z = 43, mea-
sured with the same quadrupole mass spectrometer at
BESSY 1.

The breakdown curves of the TPEPICO study of Zha
et al. [5] show that the parent ion is formed only between
the IE and 11.5 eV. Therefore, another level of explanation
of the behaviour of the m/z = 60 relative yield is that with
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Table 2
Mass spectra of acetic acid. Relative intensities at 20, 25 and 100 eV
photon excitation energies

mfz 20eV 25eV 100 eV Assignment
photons photons photons
61 <1 2 4 CH;COOH™ (3c)?
60 19 29 53 CH;COOH™
46 1.5 3 6 HCOOH™
45 80 79 84 COOH*
44 2 7 14 Ccoy
43 100 100 100 CH;CO™
42 11 13 24 CH,CO™"
41 0.5 2 10 C,HO™
40 0.2 0.5 4 C,0"
32 3 5 12 O5; CH;0H™"
31 7 11 13 CH,OH"
30 1 2 H,CO™
29 7 18 50 HCO™
28 9 8 38 co*
27 0.5 CH{
26 4 CHY
25 6 CH"
24 4 Ccy
18 16 61 182 H,0"
17 8 27 74 OH"
16 13 11 40 CH;
15 83 78 106 CHy
14 6 11 64 CHj
13 1 12 37 CH"
12 0.5 0.2 20 o
2 0.3 5 Hj
1 32 219 H"
* See text.

increasing FE,,., there is a relative increase in energy depo-
sition to the 13a’ orbital (E,.= 10.84 eV) of acetic acid,
which is the expected behaviour for a non-bonding MO
[9] and which is confirmed by a comparison between He I
and He II PES of acetic acid [30].

Both types of explanation are probably relevant when
we go to the mass spectrum obtained with E... = 100 eV,
measured with the same mass spectrometer as that used
at 25 eV, since in this case, the ratio of the parent ion inten-
sity to that of the sum of the fragment ions is very similar
to that at E.,. = 25 eV. This is consistent with the fact that
only two of the 12 valence shell molecular orbital excita-
tions lie at energies above 25¢V, i.e., the 6a’ and 5a’
M.O:.s calculated to lie at 30.91 and 33.34 eV, respectively
[9]. We note that the fragmentation pattern at 100 eV pho-
ton excitation includes the m/z = 24-27 ions which are ab-
sent at E.. = 25 eV. We have assigned them respectively to
Ci, C; H', C,HJ and C,H]. These monocations could
have resulted from Coulomb dissociation of dications that
can be formed at E.,.=100eV, but this remains to be
verified.

Other ions whose intensities change significantly in
going from E,.=20 to Ei.=25¢V and then to
Eoxe = 100 eV include m/z = 29 (HCO™) and m/z = 18. The
latter ion is assigned to H,O™", which may, in part, be due
to a water impurity. The ratio of m/z =17 (OH") to m/
z=18 (H, O") is 0.5 at E.,. = 20, whereas if the m/z = 18

was exclusively from a water impurity, the expected ratio
at Eexe =20 eV would be 0.3 [31].

The fragment ions m/z = 14 and m/z = 13 increase con-
siderably in intensity with increase in FEg. This corre-
sponds to increasing ability to lose a hydrogen atom,
culminating in the appearance of m/z = 12 (C"), in the pro-
cesses forming the hydrocarbon series CHY, CH;, CH™,
C". We note that an electron impact study on acetic acid
gave the appearance energy of the C' ijon to be
22.54+0.5eV [32].

We now discuss in further detail the ions observed by
mass spectrometry.

4.2.2. Parent ion

The m/z = 61 ion is assigned to CH;COOH ™ containing
one '*C atom. Its intensity in the LURE experiments at 25
and 100 eV photon excitation energy, is two or three times
greater than that expected with respect to the '>C parent
ion. The m/z = 61 ion may therefore have a small contribu-
tion from an (M + 1) ion. The latter can be formed by ra-
pid fragmentation of acetic acid dimer cations, if these are
present, or it might result from a complex with a water
impurity. The (M + 1) ion is indeed the dominant ion in
the mass spectrum of the acetic acid dimer [33]. A test
for the (M + 1)" ion resulting from fragmentation of a di-
mer cation would be its 200 meV smaller appearance po-
tential with respect to the '’C monomer ion [33].
Unfortunately, the m/z =61 ion was too weak for an
appearance energy measurement.

The CH;COOH™ parent ion, at m/z = 60, has an ioniza-
tion energy IE = 10.58 £ 0.02 eV from our ion yield mea-
surements (Fig. 3(a)). This value is lower than those
obtained by other PIMS measurements, IE = 10.644 +
0.002 eV [34]; 10.66 + 0.01 eV [4]; 10.64 £+ 0.05 eV [33].

Our parent ion yield curve shows inflexions and struc-
tures, and has a maximum intensity at ~17.2 eV. A direct
comparison of the m/z = 60 ion yield curve (Fig. 4(d)) with
the absorption spectrum (Fig. 4(a)) and the photoelectron
spectrum (Fig. 4(b)) of acetic acid showed several corre-
spondences. The first PES band has a main peak at
10.84 eV and two side features. These are seen as inflexions
on the parent ion yield curve. The ion yield features in the
11.6 and 12.7 eV regions, correlate with minima in the pho-
toelectron spectrum but have no evident correspondence in
the absorption spectrum. The maximum at 14.5 eV corre-
lates with features in the photoelectron and absorption
spectra whose energies correspond to the formation of
the 2°A’ and 3?A’ electronic states of the acetic acid cation
[9]. The dips in the ion yield curve at 14.9 and 15.8 eV ap-
pear to be real since they were observed only on the parent
ion yield curve and are observed also in the absorption
spectrum. However, the integrated Hel and He II
(Fig. 4(c)) photoelectron spectra [35], which mirror to a
certain extent the parent (and also some fragment) ion yield
curves, show no dips at 14.0 and 15.8 eV. In general, the
integrated Hel and Hell PES spectra, given up to 19¢eV
by Carnovale et al. [35], but which tend to flatten out
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Fig. 4. Acetic acid: (a) photoabsorption spectrum [9]; (b) Hell photo-
electron spectrum [35]; (c) integrated Hell photoelectron spectrum [35]; (d)
CH;COOH" ion yield curve.

beyond 17 eV, have large steps corresponding to opening
up of newly accessed electronic states of the ion. These
steps are indeed mirrored, in attenuated fashion, in the

parent ion yield curve. We remark that the photoelectron
spectra do not contain features resulting from autoionising
processes, which could only be expected close to the excita-
tion energy, whereas the ion yield curves result from both
direct ionization and autoionization processes. The latter
are implicitly contained, in proportion to ionization yields,
in the absorption spectra.

4.2.3. Fragment ions

We note the virtual absence of a peak at m/z = 59. An
ion of this m/z would be CH3COO+, formed by loss of a
hydrogen atom from the hydroxyl group of the parent ion,

CH,COOH* — CH;COO* +H (7)

or CH,COOH™" formed by loss of a hydrogen atom from
the methyl group,

CH;COOH* — CH,COOH™* +H (8)

In formic acid, the hydrogen atom loss reaction is from the
CH group, to form COOH™ and not from the hydroxyl
group to form HCOO™ [36]. In acetic acid the analogous
reaction to that occurring in formic acid is rupture of the
C-C bond, to form the very intense fragment ion COOH™"
(m/z = 45) by loss of a methyl group. We note that KER
modelling by Zha et al. [5] indicated that the KER in
COOH™" formation is non-statistical; it appears to arise
mainly from the excess internal energy of the activated
complex and implies that the reverse activation energy is
negligible.

The m/z =45 ion is assigned to COOH" (=HOCO™
[37]). Its yield curve (Fig. 3(b)) has an AE=11.7 £
0.05eV. The TPEPICO measurement value is 11.53 4+
0.10eV [5]. Other reported AEs are the PIMS value
11.90 £ 0.03 eV [4] and, from electron impact studies,
AE=129+0.1eV [38] and 12.27 £0.05eV [39]. The
thermochemical onset energy for the reaction

CH;COOH — CH; + COOH* 9)

is calculated to be 12.18 eV, but this suffers from the fact
that the heat of formation of COOH™" used in the calcula-
tion is for an unspecified ion structure of the ion.

We note that there is some structure in the m/z = 45 ion
yield curve (Fig. 3(b)), in particular knees at 14.5¢V, i.e.,
where CHJ becomes very noticeable (see below) and close
to a dip in the parent ion yield curve. The steps in the inte-
grated Hel and Hell PES spectra [35] (Fig. 4(c)) are weakly
mirrored in the m/z =45 ion yield curve. The integrated
PES curves tend to flatten out after 17 eV, as does the this
ion yield curve, which forms a plateau 17-18.5 ¢V, after
which it drops to 23 eV.

The major ion in the mass spectrum, m/z = 43, assigned
to CH5CO™, is formed by loss of OH from the parent ion.
From our ion yield curve we obtain AE =11.45 £ 0.05 eV
for this ion (Fig. 3(c)). This is in good agreement with
the TPEPICO AE =11.374+0.07¢V [5] and a PIMS
AE =11.38 £ 0.08 eV [4]. It is also in good agreement with
the PIMS value 11.54 eV of Traeger et al. [40] and the
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electron impact values 11.544+0.05¢V [41] and
11.4 +0.15eV [38]. An early electron impact study gives
a higher value, 11.75 eV [39], but the uncertainty in this
measurement was not reported. The calculated thermo-
chemical onset value, 11.67 eV, is higher than other exper-
imental values mentioned above, except for the electron
impact value 11.75¢eV of Haney and Franklin [39]. The
thermochemical value probably reflects the unknown
uncertainty in the adiabatic ionization energy of CH;CO,
whose value is reported to be 7.21 +0.05eV [42]. The
above discussion suggests that its true value is lower, pos-
sibly of the order of 6.6-6.8 ¢V. One can indeed question
whether the heat of formation and the ionization energy
of the acetyl radical are sufficiently well known and
whether the structure of the CH;CO radical in previous
determinations of the heat of formation [20,43,44] was in-
deed the acetyl radical.

From their KER study Zha et al. [5] suggested that the
formation of CH;CO™" does not result from a simple cleav-
age reaction, and that it involves an energy barrier and
probably proceeds via an intermediate. The reasonably
good agreement between our measured AE and the calcu-
lated thermochemical AE for this ion does not support these
suggestions. We note that from their determination of the
heat of formation of the CH;CO™ ion, by a PIMS study
of a series of substituted methyl ketones, Traeger et al.
[40] concluded that KER measurements made at energies
greater than threshold cannot be applied straightforwardly
as thermochemical corrections for the experimental
CH;CO™ AEs. Following their electron impact dissociative
ionization measurements, Holmes and Lossing [41] also
consider that loss of OH occurs at the thermochemical
threshold for production of CH;CO". We remark that it
is possible that in the experiments of Zha et al. [5], there oc-
curred some interconversion to the enol form of acetic acid
[45,46]. It is of interest that from the rate constants for CH;
and OH loss as a function of internal energy in the
CH;COOH" ion, calculated by McAdoo et al. [46], one
would expect AE (m/z = 45) — AE (m/z = 43) =~ 750 meV,
whereas we observe a much smaller difference, of about
250 meV, which agrees reasonably well with the results of
the rate constant calculations of Zha et al. [5].

There is some marked structure in the m/z = 43 ion yield
curve, in particular knees at 12.7 and 14.5eV. The inte-
grated Hel and Hell PES spectra [35] (Fig. 4(c)) have large
steps corresponding to opening up of newly accessed elec-
tronic states of the ion. These steps are mirrored in the
m/z = 43 ion yield curve (Fig. 3(c)), which has a quasi pla-
teau 17-19.3 eV, with a maximum at about 19 eV, after
which it drops to 23 eV. The integrated curve (Fig. 4(c))
tends to flatten out after 17 eV.

The weak m/z=46 and 44 ions are assigned to
HCOOH™" (loss of CH,) and COj, respectively. An alter-
native assignment for m/z =44 would be the CH3COH+
ion. However, in this case the neutral loss species is an oxy-
gen atom but this would mean rupture of a C=0 bond,
which is unlikely. Furthermore, reaction (10),

CH;COOH* — CH, * +CO, (10)

the charge switch of the reaction CH;COOH' —
CH, + COj, certainly occurs (see below). The CO; reac-
tion would be less favoured, from the the Stevenson-Audi-
er-Harrison (SAH) rule concerning the dissociation of odd
electron ions [37], since CO, has a higher IE (13.77 eV)
than CHy (12.51 eV) [18]. The relative intensities of the
m/z =44 and m/z = 16 ions (Table 2) are consistent with
this interpretation. The calculated thermochemical appear-
ance energy of CO; is 13.4eV.

Formation of the minor ion m/z =42, assigned to
CH,CO™, involves the loss of H,O from the parent ion:

CH;COOH* — CH,CO™ +H,0 (11)

This may involve a complicated reaction and two possible
pathways have been proposed [41,45]. The low intensity
suggests that H,O loss is much less favoured than the com-
peting OH loss reaction, despite having a lower thermo-
chemical threshold. We note that at 20 eV excitation the
ratio of intensities of the m/z =43 to the m/z = 42 peaks
(loss of OH cf. loss of H,0) is 9.1 and that this is very sim-
ilar to the ratio 11.5 observed in metastable transitions
measured by the MIKES technique [45]. Holmes and Los-
sing [41] state that elimination of H,O involves a 1,3 hydro-
gen shift, proceeding via a H transfer from CH; to
hydroxyl OH and mention that the AE is difficult to mea-
sure. Villem and Akopyan [4] report a PIMS
AE =10.8 £ 0.1¢eV for the m/z =42 ion, which is close
to the 11.09 eV calculated thermochemical threshold.

The m/z =32 minor ion could be OF or CH;OH".
These possible assignments involve loss of C,;H4 and CO,
respectively, from the parent ion. Isotopic studies are re-
quired to pin down the assignment. The m/z = 31 minor
ion can be assigned to CH;0" or CH,OH", involving the
loss of the HCO radical (reactions (12) and (13),
respectively).

CH;COOH' — CH;0" + HCO (12)
CH;COOH* — CH,OH" + HCO (13)

Zha et al. [5] have shown that the m/z =31 ion is the
hydroxymethyl cation CH,OH™. Our calculated thermo-
chemical onsets 13.64eV (CH;0") and 12.26eV
(CH,OH") are much lower than the observed
AE =14.99 + 0.12 eV reported by Zha et al. [5]. However,
Selim and Helal [47] observed an electron impact value
AE =12.05+0.1¢V, and assigned this ion to CH,OH™.
This AE is compatible with our calculated thermochemical
AE for CH,OH. We remark that formation of both
CH;0" and CH,OH" should involve atomic rearrange-
ments. Zha et al. [5], by deuteration, show that the two
oxygen atoms become equivalent for formation of
m/z =31 and also concluded that this ion is likely to be
CH,OH™. The process may involve a two-step rearrange-
ment prior to fragmentation, going through the enol ion
stage.
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In principle, the m/z = 29 ion could be assigned to either
HCO™" or COH", formed by loss of CH;O from the parent
ion. However, the absence of a m/z = 30 peak in the mass
spectrum of CH;COOD indicates that the m/z = 29 ion in
the CH3;COOH dissociative ionization is HCO' and not
COH™[5]. It is a minor ion at E.. =20 eV but increases
considerably in relative intensity at higher excitation ener-
gies. Two formation pathways were considered by Zha
et al. [5]:

(i) CH;COOH" — CH,OH" + COH — HCO™ + COH + H,
(14)

(il) CH;COOH" — COOH" + CH3 — COH" +CH;+ 0
(15)

We envisage a third dissociation channel:

(iii) CH;COOH* — COH* + CH;0 (16)

The thermochemical appearance energies for reactions
(14)—(16) were calculated, considering both HCO and
COH isomers as neutral products in reaction (14), and
both CH3;0 and CH,OH isomers in reaction (16). This
gave five thermochemical AE wvalues: 12.86 and
13.48 eV for reaction (14), 17.13eV for reaction (15)
and 12.84 and 13.22 eV for reaction (16). The observed
AE =15914+0.13eV in the TPEPICO experiments [5],
eliminates reaction (15). Reaction (16) is a charge switch
reaction to formation of the m/z = 31 ion (reactions (12)
and (13)). The IE of HCO is 8.10 £ 0.05 eV [19], whereas
CH,OH has an IE of 7.56 £ 0.01 eV [19]. These values
are not very different which makes it reasonable that
the m/z =29 and 31 ions are observed with similar inten-
sities at E. = 20¢eV but, as mentioned above, m/z =29
increases considerably in relative intensity at 25 and
100 eV.

The m/z =28 ion, assigned to CO" is weak at 20 and
25 eV excitation energies but quite intense at E.,. = 100 eV
(Table 2). The neutral loss species is CH;0OH.

CH;COOH" — CO* +CH;0H (17)

The alternative assignment of m/z = 28 is C;H;, formed by
loss of O, from the parent ion, can be rejected since its cal-
culated thermochemical AE = 15.53 eV is greater than the
observed AE = 15.3 4+ 0.1 eV [38], which is close to our cal-
culated thermochemical AE = 15.27 eV for reaction (17).

The m/z = 16 ion is assigned to CHj, formed by loss of
CO, from the parent ion,

CH;COOH* — CH,* +CO, (18)

This assignment is in agreement with those of Zha et al. [5],
who observe an AE = 12.31 eV, and by Villem and Akop-
yan [4], who report 12.1 + 0.1 ¢V, values which agree well
with our calculated thermochemical AE = 12.13 eV.

The very important m/z =15 ion is assigned to CHJ,
formed by loss of COOH from the parent ion. Two differ-
ent formation processes have been suggested [5]:

(i) CH;COOH" — CH! + COOH (19)
(il) CHyCOOH" — CH;CO" + OH — CH! + CO + OH
(20)

The calculated thermochemical appearance energies of
CHj are 13.51 ¢V (reaction (19)) and 15.08 eV (reaction
(20)).  Our measured AE(CHJ) = 14.28 £0.10eV
(Fig. 3d), which is smaller than the TPEPICO measured
AE =14.73 £0.15¢eV [5], but similar to the electron im-
pact AE =14.0 £ 0.15 eV [39], appears to favour reaction
(19), which corresponds to the charge switch of reaction
(9) forming COOH'. The electron impact value
AE =16.08 eV of Hirota et al. [48] is certainly erroneous.
The difference of about 800 meV between the thermochem-
ical onset energy for reaction (19) and the observed AE of
CHJ suggests that the dissociation process involves a po-
tential barrier. We note that the analogous neutral photo-
chemical reaction has a very low probability [15].

The appearance energy results suggest that reaction (19)
is operative in the threshold region. Since IE(CH;)=
9.84 +0.01 eV and IE(COOH) < 8.19 eV [49], the SAH
rule [37] certainly favours reaction (19) in this excitation
energy region. However, Zha et al. [5] argue in favour of
reaction (20), presumably at higher energies, on the basis
that the breakdown graph suggests that CH; increases
simultaneously with a decrease in CH5CO™. In fact the
CHY signal increases to become similar with the CH;CO™"
yield in TPEPICO measurements at about 17 eV [5]. We
note that the m/z = 15 ion yield curve has a quasi-plateau
17.5-19.5 eV, very similar to that of the m/z =45 ion and
where the integrated PES curve [35] tends to flatness.

5. Astrophysical implications

The results of our study are relevant to astrophysics in
three areas: the interstellar medium (ISM), comets and
meteorites. It has also some implications for exobiology.
Acetic acid is considered to be one of the building blocks
of life [50]. If preserved during the formation of the solar
nebula, it could be brought to Earth via asteroids, comets
and meteorites which can provide protective environments.
In HI regions of the interstellar medium (ISM), the upper
limit of UV radiation is 13.6 eV. Acetic acid in unscreened
regions, subject to VUV radiation below 13.6 eV, will form
ions above 10.6 eV. The ionization quantum yield (not yet
measured), is unlikely to reach unity until about 17 + 1 eV
[1,51], and in the intervening energy region, superexcited
states of acetic acid will be formed, states that relax mainly
by dissociation and/or autoionization. At an excitation en-
ergy of 13.6 eV, i.e., 3 eV above the ionization limit, an ion-
ization yield of about 50% is likely, as can be predicted on
the basis of measurement of ionization quantum yields of
polyatomic molecules [1,31,51]. Dissociative ionization will
occur at photon excitation energies above 11.6¢V, the
threshold for CH;CO™ formation. We note that photolysis
of acetic acid in argon matrices by irradiation with a
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hydrogen lamp (E.y. < 10.2 €V) results in the formation of
CO, [52].

Protection from the destructive effects of VUV radiation
is thus necessary in order to achieve detectable amounts of
acetic acid in the ISM. Acetic acid has been observed in the
ISM in hot molecular cores, which are warm condensations
inside molecular clouds associated with active star forma-
tion regions, whose density is such that they will offer mol-
ecules some protection against radiation. A typical source
is the molecular cloud complex Sgr B2, the acetic acid
being found in a very small core, about 0.1 pc across [6].
This polyatomic molecule is probably synthesized on dust
grain surfaces [53] and ejected into the ISM by evaporation
or by shocks. It has been suggested that CH;CO™, the prin-
cipal fragment ion in VUV dissociation of acetic acid, can
react with water in the gas phase reaction to form
CH;COOHj, followed by dissociative electron recombina-
tion to produce CH3;COOH [54]. There are other, more
recent, suggestions for gas phase synthesis of acetic acid
via ion molecule reactions [55]. Observations toward
W51e2 show that the distribution of CH;COOH is coinci-
dent with that of its much more abundant isomer, methyl
formate HCOOCH;, thus suggesting a similar formation
mechanism [56].

It is known that ammonia and acetic acid can combine,
in the laboratory, to produce aminoacids, in particular,
glycine [57]. This could possibly occur in the ISM, where
glycine has recently been reported in hot molecular cores
in three regions of ongoing massive star formation [58].
This process of aminoacid formation is probably more eas-
ily achieved in cometary and meteoritic material contexts,
which can provide various catalytic media and radiation
screening.

Of the ions that we observe by dissociative ionization we
note that HCO", HOCO" and CH,OH" have been ob-
served in the ISM, so that acetic acid is a possible parent
molecule for part of the observed abundances. The disso-
ciative photoionization of acetic acid to form HCO™ is
energetically possible above 12.85 eV, but its yield would
be low in HI regions. The HOCO™ ion is also observed
in the galactic centre region and in Sgr B2 [59,60]. Since this
is a region of the ISM where CH3;COOH has been ob-
served, HOCO™ could be produced, at least in part, from
acetic acid (AE = 11.8 V). The formation of CH,OH™"
can occur above 12.05 ¢V, as discussed above, i.e., within
the HI energy region.

Although it has not yet been observed in comets, acetic
acid is strongly expected to exist in this medium where, for
example in comet Hale-Bopp, its abundance has an upper
limit, relative to H,O, of 0.06%, as compared with 0.09%
for formic acid [7]. Comets are thought to be one of the
possible sources of extraterrestrial supply of organic mate-
rial to the early Earth [61]. The species in the comet coma
and tail are not screened from solar VUV radiation, so that
acetic acid, if present, would be rapidly dissociated. Of the
three ions observed by radioastronomy in comet Hale-
Bopp two, CO" and HCO™ [62], are species that can be

formed by dissociative ionization of acetic acid. In future
cometary observations it would be of interest to attempt
to observe the ion CH;CO™" which would be a good marker
of the presence of acetic acid, and also HOCO™, which can
be formed from both formic [10] and acetic acids. Observa-
tions of OH (A-X) emissions from acetic acid dissociation
would require space observatory means but would proba-
bly be swamped by OH emission from water photodissoci-
ation processes.

Acetic acid is found in many meteorites. It is the most
abundant of the monocarboxylic acids in the Murchison
meteorite [63]. The work of Huang et al. [63] supports
the suggestion of Cronin and Chang [64] that monocarbox-
ylic acids may be mostly unaltered interstellar molecules.

Our results demonstrate that the spectroscopy and
photophysics of acetic acid have potential applications in
astrophysics and exobiology, in particular for understand-
ing the formation and dissociation processes of this species,
as well as properties of its dissociation products.

6. Summary and conclusions

Synchrotron radiation, photofragment fluorescence
spectroscopy and mass spectrometry were used to study
the VUV photodissociation and dissociative photoioniza-
tion of gaseous acetic acid in the 6-23 eV photoexcitation
range. Earlier studies were limited to the region below
11.7 eV. We recorded the dispersed fluorescence spectra ex-
cited at six different energies between 10 and 20 eV. The
emission observed corresponds to OH (A’X" — X7II),
CH (A’A — X1I), CH (B*X~ — X>II) and H-Balmer tran-
sition features. We studied the relative intensities of these
emissions by fluorescence excitation (FEX) spectroscopy
over the range 6-22 eV. No other emissions were observed,
in particular none from the HCOO radical. The fluores-
cence and FEX spectra were analyzed and the photodisso-
ciation processes forming the emitting electronic states of
OH, CH and H were determined with the aid of data from
VUYV absorption spectra, FEX onset energies and thermo-
chemical limit calculations. We found that the fluorescence
quantum yields for OH and CH emissions, which varied
over the 6-22 eV region, were always less than 1%. The
photoionization mass spectra (PIMS) of CH3;COOH were
measured at E... =20, 25 and 100 eV, and the ion yield
curves were measured over the range 6-23 eV for the par-
ent and principal fragment ions. Features in the ion yield
curves were correlated with features in the absorption
and photoelectron spectra, reflecting in part the opening
up of access to various ion states of acetic acid. The
appearance energies of the principal ionic products were
determined from the ion yield curves and compared with
the values derived from thermochemical calculations. Our
measured ionization energy of acetic acid, I[E (CH3;COOH)
=10.58 £+ 0.02 eV is 40-60 meV lower than previous PIMS
values. Dissociative ionization reaction channels are dis-
cussed in detail and their validity checked with the aid of
experimental and calculated appearance energies and with
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their compatibility with the results of TPEPICO measure-
ments, carried out by Zha et al. [5] at much greater energy
intervals (150-250 meV) than in our experiments (30 meV).
H atom loss from the parent ion was not observed. The
major fragment ion is CH;CO™. Its measured appearance
energy calls into question previous determinations of the
heat of formation and ionization energy of the acetyl rad-
ical. The assignment of the m/z =31 ion to CH,OH" is
confirmed. A new pathway is suggested for the formation
of HCO+, and the assignments of the m/z =16 ion to
CHI and the m/z = 28 ion to CO™ are justified. The forma-
tion of the important CHJ ion at threshold is shown to
involve carbon-carbon bond rupture and a potential
energy barrier. At higher energies CHJ is also formed by
a reaction involving initial formation of the acetyl radical
cation. Some astrophysical implications of our results are
discussed concerning acetic acid in the interstellar, come-
tary and meteoritic media.
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