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Abstract

Absorption spectra of acetic acid were measured between 6 and 20 eV at a resolution of 8 meV. Previous measurements had a spectral
limit of 11.7 eV. Analysis and band assignment were aided by data from theoretical calculations on valence states and from photoelec-
tron spectroscopy. Valence transitions and nsa 0  13a 0, npa 0  13a 0 and nda 0  13a 0 Rydberg transitions converging to the ground state
of CH3COOH+, as well as transitions converging to the first excited state of the ion are discussed and assigned in the spectral region
below 12 eV. Our assignments of valence transitions differ in many aspects from those of previous studies. Most of the Rydberg bands
have never previously been assigned. Observation, analysis and possible assignments of absorption features between 12 and 20 eV were
carried out for the first time. Rydberg bands converging to the higher ionization limits merge to form broad absorption features. Some
absorption features in the 14–17 eV region are assigned to two types of valence r*(C–H) r transitions.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Acetic acid, CH3COOH, is considered to be an impor-
tant trace species in the Earth�s atmosphere [1]. It is also
one of the possible building blocks of biomolecules [2]
and it is formed in Miller–Urey experiments on simulated
atmospheres of the Early Earth [3]. It has been observed
by radioastronomy in the SGR B2 Large Molecule Heimat
(LMH) source, using interferometric arrays [4]. There is
reason to believe that the amino acid glycine could also ex-
ist in an interstellar source of CH3COOH [5], and indeed
this amino acid has been reported to have been detected
in three hot molecular cores, including Sgr B2 (N-LMH),
where CH3COOH is also observed [6]. Although no direct
0301-0104/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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cometary observation of acetic acid has been made, abun-
dance upper limits have been determined for various com-
ets, based on radio spectroscopic observations, in
particular a limit of 0.06% for acetic acid in the bright co-
met Hale–Bopp [7]. Increased sensitivity in new ground-
based radiotelescopes, and the possibility of more extended
search frequencies in space-borne observatories, make it
likely that acetic acid will be observed in future cometary
studies. The photophysical properties of CH3COOH in
the UV and VUV are thus of direct interest for undertaking
radioastronomy searches, for cometary science and for
atmospheric and exobiology studies.

We have carried out a number of photophysical mea-
surements on acetic acid, in particular on dissociative ion-
ization yields over the 6–22 eV energy range, the dispersed
fluorescence spectrum excited at several VUV photon ener-
gies, and excitation spectra for various fluorescence bands
[8]. The present work concerns the absorption spectrum
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of CH3COOH between 6 and 20 eV. The absorption results
have been important for interpretation of the results of the
photophysical investigations. Earlier absorption and fluo-
rescence spectra with comparable resolution were limited
to measurements below 11.7 eV [9,10]. Reported electron
energy loss spectra [11] of CH3COOH, limited to about
15 eV, are of low resolution.

The earlier absorption spectra reported by Bell et al. [9]
are in the 4.8–11.27 eV and by Suto et al. [10] in the 5.17–
11.7 eV region. Barnes and Simpson [12] studied the 5.0–
9.9 eV and Nagakura et al. [13] the 6.5–8.0 eV region
absorption. Absolute absorption cross-section values of
Suto et al. are lower than those measured by Barnes and
Simpson and by Nagakura et al. Since absorption cross-
sections at k > 190 nm are very small it was necessary for
them to use higher gas pressures (up to 0.7 Torr); thus ace-
tic acid dimers could have contributed to measured absorp-
tion cross-sections in this spectral region, a region which
we did not explore. The excited states of CH3COOH were
labelled A, A 0, B, C, etc. by Bell et al. [9] by analogy with
HCOOH. They suggested that absorption bands at
k < 155 nm are probably Rydberg series converging on
the ground state of the acetic acid ion, but made few
assignments.
2. Experimental

Absorption spectra were measured with an experimental
set-up whose essential components and procedure have
been described previously [14] so that only a brief resumé
is given here. Monochromatised synchrotron radiation
was obtained from the Berlin electron storage ring BESSY
I (multi-bunch mode) in association with a M-225 McPher-
son monochromator modified to have a focal length of
1.5 m, and a gold coated spherical diffraction grating hav-
ing 1200 lines/mm. Spectral dispersion was 5.6 Å/mm. The
mean geometric slit width was 0.1 mm. The 30 cm long
absorption cell is separated from the monochromator vac-
uum by a 1 mm thick stainless steel microchannel plate
(MCP). Acetic acid gas pressures were in the range 20–
40 lbar, measured with a Balzers capacitance manometer.
This is a pressure region where the concentration of acetic
acid dimers to monomers is negligibly small [10]. The small
pressure gradient inside the absorption cell, due to the gas
leak through the MCP, does not significantly affect the
optical density measurements. The use of the MCP enables
us to know the precise optical pathlength, the pressure
drop being by a factor of the order of 1000, which ensures
linearity in the Beer–Lambert analysis of the optical den-
sity measurements. VUV light transmission efficiency of
the MCP is estimated to be about 10% and the transmitted
light was largely sufficient for absorption measurements.
Transmitted radiation strikes a window covered with a
layer of sodium salicylate whose ensuing fluorescence was
detected by a photomultiplier. We remark that the use of
a laminar-type grating results in a very low (only few per-
cent) contribution to second order radiation in the 10–
20 eV region. Second order effects will be also very low
below 10 eV because the gas column in the absorption cell
reduces high energy radiation transmission much more than
the low energy part. The determination of absolute absorp-
tion cross-sections, using the Beer–Lambert law, provided
cross-section values whose uncertainties were ±10%.

Two scans, one with and one without acetic acid gas
were carried out for determining the absorption spectrum.
During a scan, the VUV light intensity falls off slightly due
to continuous loss of electrons in the storage ring. The inci-
dent light intensity is furthermore a function of the energy-
dependent reflectance of the diffraction grating. These two
factors have been taken into account in normalisation of
the spectra, which were recorded at an energy interval of
9 meV.

Absorption measurements were carried out in April
1999 at two gas pressures, 20 and 40 lbar. They were re-
peated in October 1999. The results were quasi-identical.
The resolution is about 8 meV (at 100 nm) and the preci-
sion of the energy scale is ±5 meV. Commercial
CH3COOH of highest available purity grade was used,
without further purification.

3. Calculations

Quantum chemical calculations were carried out using
GAUSSIAN-03 revision B.05 [15]. An initial geometry opti-
mization of acetic acid was performed using the hybrid
density functional B3LYP and 6-311++G(3DF,3PD) ba-
sis set. ‘‘Tight’’ convergence criteria were used. The opti-
mized geometry was that of the most stable form, of cis

configuration, the lowest energy isomer. The calculated
structural parameters are in good agreement with the
gas phase experimental values determined by electron dif-
fraction [16]. The calculated and, in brackets, the gas
phase experimental values are as follows (bondlengths
in Ångstrom units, bond angles in degrees): C–O 1.360
(1.364), C@O 1.213 (1.214), C–C 1.506 (1.520), O–H
0.972 (0.970), C–H 1.089 (1.102), C–H 1.094 (1.094),
O–O 2.253 (2.264), O–C@O 122.20 (122.80), C–C@O
126.10 (126.60), C–C–O 111.70 (110.60, C–O–H 107.00
(107.00). Normal mode analysis confirmed that the final
optimized geometry was a true potential energy mini-
mum. The energies and oscillator strengths of transitions
to the first 50 electronic excited states were calculated
using the time-dependent DFT method [17] with the
same hybrid density function and basis set. Such calcula-
tions are not expected to provide good values for transi-
tion energies beyond about 9 eV in the case of acetic
acid, since the eigenvalues are critically dependent on
MO energy differences in time-dependent DFT calcula-
tions. However, these calculations differentiate well be-
tween strong and weak electronic transitions, thus
facilitating the valence transition assignments. Molecular
orbitals were visualized using the program MOLDEN
[18].
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Fig. 3. CH3COOH absorption spectrum: 9.7–12 eV.
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4. Results and discussion

4.1. Absorption spectra: general characteristics

The complete absorption spectrum of acetic acid be-
tween 6 and 20 eV is given in Fig. 1. Successive sections
of the absorption spectra between 6 and 12 eV are shown
in Figs. 2 and 3. The band assignments are listed in Table
1 but, for the sake of visual clarity, not all assignments are
indicated in the figures. Features measured in the 7–18 eV
region are listed as band numbers, energies and band
assignments in Table 1, along with the quantum defects
of the Rydberg levels, determined for the origin bands of
the Rydberg transitions. In Table 1, the energies of the ob-
served features are quoted to 1 meV and to 1 cm�1; the
uncertainties in repeated measurements of the peak fre-
quencies of sharp features are of the order of 10–20 cm�1

and those of broad features are somewhat greater. The
maximum absorption cross-section of 72.2 Mb occurs at
16.83 eV (Fig. 1). Suto et al. [10] published absorption
spectra over the 5.17–9.43 eV region, using synchrotron
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Fig. 1. Overview of the absorption spectrum of CH3COOH in the 6–20 eV
region. Arrows indicate vertical ionization energies.
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Fig. 2. CH3COOH absorption spectrum: 6.0–9.8 eV.
radiation as spectral source. Our cross-sections are in gen-
eral good agreement with those of Suto et al. in the 6–
9.4 eV region common to both measurements and also with
the cross-sections of Nagakura et al. [13] who measured the
absorption spectrum in the 6.5–8.1 eV region at low
resolution.

Bell et al. [9] carried out photographic absorption spec-
troscopy of acetic acid in the 4.8–11.3 eV region. Electron
energy loss spectra (EELS) of acetic acid have been mea-
sured in the 5–15 eV region [11] and assignments of valence
shell and Rydberg transitions have been discussed by com-
parison with the optical absorption spectra of Barnes and
Simpson [12]. A comparison between the published EELS
spectrum and our and other optical absorption spectra
clearly indicate that the EELS resolution is insufficient
for anything but qualitative discussion.

4.2. Absorption spectra: theoretical considerations and

implications for analysis

The distinction between valence and Rydberg transi-
tions is not always easy to establish since there can be quite
a lot of mixing between valence and Rydberg states. Our
analysis of the absorption spectrum of acetic acid seeks
to characterise those states that are predominantly valence
or predominantly Rydberg in character. For this we use a
number of criteria, such as comparison with calculated
energies and transition strengths, the nature of the molecu-
lar orbitals involved in the optical transitions and their ef-
fects on structural and vibrational properties. These criteria
will be discussed as they arise in this work.

In order to analyse valence and Rydberg transitions in
the absorption spectra of acetic acid, and to distinguish be-
tween them, we first examine the electron configurations
and structures of CH3COOH and CH3COOH+.

4.2.1. CH3COOH electron configurations and structures

The ground state of neutral acetic acid formally belongs
to the Cs symmetry group. As stated above, its most
stable form corresponds to the lowest energy isomer, of



Table 1

Acetic acid absorption features and transition assignments in the 6.8–18 eV spectral region

Band No. Energy/eV Frequency m/cm�1 Assignment Quantum defectad

1 7.250 58,479 21A 0  11A 0

2 7.795 62,874 See text

3 8.183 66,004 51A0  11A0ð000Þ
4 8.340 67,270 51A0  11A0ðm1def 0Þ
5 8.506 68,609 51A0  11A0ðm2def 0Þ
6 8.665 69,892 51A0  11A0ðm3def 0Þ
7 8.825 71,182 51A0  11A0ðm4def 0Þ
8 8.948 72,170 3da0  13a0ð000Þ 0.14 (3d)

9a 8.994 72,546 4sa0  13a0ð000Þ 1.10 (4s)

10b 9.040 72,917 4sa0  13a0ð1210Þ
11c 9.084 73,272 4sa0  13a0ð1220Þ
12 9.135 73,683 3da0  13a0ð410Þ
13a 9.177 74,022 4sa0  13a0ð410Þ
14b 9.229 74,441 4sa0  13a0ð4101210Þ
15c 9.268 74,756 4sa0  13a0ð4101220Þ; 3pa00  3a00ð000Þ 0.60 (3p)

16 9.314 75,127 3da0  13a0ð420Þ
17a 9.373 75,603 4sa0  13a0ð420Þ
18b 9.418 75,966 4sa0  13a0ð4201210Þ
19c 9.435 76,103 4sa0  13a0ð4201220Þ; 4pa0  13a0ð000Þ 0.64 (4p)

20 9.453 76,248 3pa00  3a00ð410Þ
21 9.485 76,506 3da0  13a0ð430Þ
22b 9.569 77,184 4sa0  13a0ð4301210Þ
23c 9.622 77,611 4sa0  13a0ð4301220Þ; 4pa0  13a0ð410Þ
24 9.695 78,200 4da0  13a0ð000Þ 0.15 (4d)

25 9.732 78,498 71A0  11A0ð000Þ
26e 9.781 78,894 5sa0  13a0ð000Þ; 4pa0  13a0ð420Þ 0.96 (5s)

27f 9.833 79,313 5sa0  13a0ð1210Þ
28g 9.880 79,692 5sa0  13a0ð1220Þ
29 9.922 80,031 5pa0  13a0ð000Þ 0.57 (5p)

30e 9.970 80,418 5sa0  13a0ð410Þ
31f 10.026 80,870 5sa0  13a0ð4101210Þ
32g 10.068 81,208 5sa0  13a0ð4101220Þ; 5da0  13a0ð000Þ 0.13 (5d)

33 10.101 81,475 6sa0  13a0ð000Þ; 5pa0  13a0ð410Þ 0.86 (6s)

34 10.125 81,663 4sa0  3a00ð000Þ 0.99 (4s)

35e 10.146 81,838 5sa0  13a0ð420Þ; 6sa0  13a0ð1210Þ; 6pa0  13a0ð000Þ 0.61 (6p)

36 10.178 82,091 3d  3a00ð000Þ 0.06 (3d)

37g 10.245 82,636 5sa0  13a0ð4201220Þ; 7sa0  13a0ð000Þ 0.94 (7s)

38 10.283 82,943 6sa0  13a0ð410Þ; 5pa0  13a0ð420Þ; 7pa0  13a0ð000Þ 0.60 (7p)

39 10.313 83,185 4sa0  3a00ð410Þ
40 e 10.326 83,284 5sa0  13a0ð430Þ; 6sa0  13a0ð4101210Þ; 6pa0  13a0ð410Þ
41 10.360 83,564 3d  3a00ð410Þ
42 10.399 83,873 4pa00  3a00ð000Þ 0.67 (4p)

43g 10.424 84,080 5sa0  13a0ð4301220Þ; 7sa0  13a0ð410Þ
44 10.459 84,362 6sa0  13a0ð420Þ; 7pa0  13a0ð410Þ
45e 10.499 84,685 5sa0  13a0ð440Þ; 6pa0  13a0ð420Þ
46f 10.548 85,080 5sa0  13a0ð4401210Þ
47 10.595 85,454 4pa00  3a00ð410Þ
48 10.612 85,596 7sa0  13a0ð420Þ
49 10.654 85,935 7pa0  13a0ð420Þ
50 10.724 86,500 4d  3a00ð000Þ 0.12 (4d)

51 10.781 86,960 4pa00  3a00ð420Þ
52 10.794 87,059 7sa0  13a0ð430Þ
53 10.825 87,314 5sa0  3a00ð000Þ 0.89 (5s)

54 10.899 87,911 5pa00  3a00ð000Þ 0.68 (5p)

55 10.965 88,444 4pa00  3a00ð430Þ
56 11.047 89,105 5d  3a00ð000Þ 0.17 (5d)

57 11.092 89,463 5pa00  3a00ð410Þ
58 11.113 89,632 6sa0  3a00ð000Þ 0.87 (6s)

59 12.922 104,229 b

60 13.330 107,520 b

61 14.500 116,957 r*(C–H) r (non-n.h. transition)d

62 15.125 121,991 c

63 15.770 127,201 c

64 16.830 135,751 r*(C–H) rd

a Quantum defects are of the origin bands of Rydberg series converging to the ion ground state 12A 0 and, in italics, of Rydberg levels converging to the first excited ion state

12A00.
b Region of broad overlapping Rydberg bands converging to the 22A00 ion state.
c Broad overlapping Rydberg bands converging to the highly excited ion states.
d See text.
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cis configuration, in which both the OH bond and a CH
bond are eclipsed with the carbonyl bond. The trans form
is calculated (ab initio methods [19]) to lie 2100–
2500 cm�1 above the cis configuration.

The electron configuration of CH3COOH is, according
to our molecular orbital energy calculations:

. . . . . . ð7a0Þ2ð8a0Þ2ð9a0Þ2ð10a0Þ2ð1a00Þ2ð11a0Þ2ð12a0Þ2ð2a00Þ2

ð3a00Þ2ð13a0Þ2; 11A0.

The calculated MO energies, relative to the experimental
ionization energy, are compared in Table 2 with reported
values of vertical ionization energies determined from He
I [20] and He II photoelectron spectroscopy [21] and, for
inner shell ionizations, the results of inner shell electron en-
ergy loss (ISEEL) spectroscopy [22]. This table also con-
tains the results of HAM/3 [21] and GAUSSIAN-70 [20]
calculations of molecular orbital energies, as well as those
of Urquhart and Ade [23] for inner shell orbitals. Our cal-
culated order of the occupied molecular orbitals is the same
as that in the GAUSSIAN-70, 4-31G calculations of Carno-
vale et al. [20], but the order of the close-lying 1a00 and
10a 0 MO�s are reversed in the HAM/3 calculations of von
Niessen et al. [21].

Agreement between our calculated valence shell orbital
energies and the experimental values is very satisfactory.
Our calculated values for the valence MO�s are more exten-
sive than the other theoretical values in Table 2, and they
agree somewhat better with the results of photoelectron
spectroscopy. The inner shell orbitals are in large measure
1s atomic orbitals. Our calculations on the inner shell orbi-
tals, presented here for completion, fall short of the experi-
mental values, no doubt due to core hole effects, which are
not adequately dealt with in our calculation method. This
is reflected in the non-negligible population of 2s carbon or
oxygen atomic orbitals which we find from a population
analysis of each of the four deepest molecular orbitals. An
Table 2
Calculated and experimental vertical ionization energies of acetic acid

Molecular orbital Calculated IE/eV
Present study
(GAUSSIAN-03)

Calculated IE/eV
HAM/3 ([21])

Ca
(G
an

13a 0 (10.84) 10.96 1
3a00 12.08 11.96 1
2a00 13.90 13.81 1
12a 0 14.01 13.98 1
11a 0 14.39 14.24 1
1a00 16.00 15.85 1
10a 0 16.25 15.64 1
9a 0 16.57 16.28 1
8a 0 19.86 19.52
7a 0 23.83 23.62
6a 0 30.91 32.00
5a 0 33.34 33.78
4a 0 269.32
3a 0 272.70 29
2a 0 512.38 53
1a 0 513.94
improved virtual orbital approximation in calculations using
Kosugi�sGSF3package [24], enabledUrquhart andAde [23]
to calculate inner shell values in good agreement with car-
bonyl core values determined by ISEELS. It is of interest,
nevertheless, that in our calculations, although the absolute
energies of the inner shellMOs are 20–30 eVbelow the exper-
imental values, the energy differences between the 3a 0 and 4a 0

orbitals, 3.38 eV, and 1a 0 and 2a 0 orbitals, 1.56 eV, are simi-
lar to the experimental differences for the carbon (4.0 eV)
and oxygen (1.8 eV) orbitals (Table 2).

The bonding characters of the highest four occupied
molecular orbitals, 13a 0, 3a00, 2a00 and 12a 0, were deter-
mined from our MO contour analyses (Fig. 4). They are
consistent, insofar as being either a p or a r orbital, with
the assignments of Carnovale et al. [20] and of Cannington
and Ham [25], based in part on ratios of HeI/HeII photo-
electron spectral band intensities. For the 12a 0 MO, they
differ from that of Kimura et al. [26] who considered it to
be a p orbital, based on partial sums of vertical ionization
energies. However, Carnovale et al. [20] observed that the
assignment of 12a 0 as a r orbital agrees equally well with
the defined partial sums. The bonding characteristics of
the next four occupied MO�s, given below, are based on
our assessment of the assignments of Carnovale et al.
[20], Cannington and Ham [25] and Kimura et al. [26].

–13a 0 is mainly non-bonding nO on the O atom lone pair
of the carbonyl group,

–3a00 is pC@O mixed with nOH, the latter being mainly
localised on the O atom of OH,

–2a00 is pOCO,
–12a 0 is rCC,
–11a 0 is rCO within the O–C–O framework,
–1a00 is pOCO mixed with nOH and pCH3,
–10a 0 is rOCO,
–9a 0 is rOH.
lculated IE/eV
AUSSIAN-70) ([20])
d GSCF3� ([23])

Experimental IE/eV
He I PES ( [20])

Experimental IE/eV
He II PES [21] and
ISEEL spectra* [22]

1.16 10.84 10.9
1.79 12.03 12.1
3.82 13.84 (13.6–15.0)
3.94 14.34 (13.6–15.0)
4.12 14.80 (13.6–15.0)
6.05 16.3 16.4
6.71 16.4 16.4
7.15 17.08 17.1

20.3
24.4

291.6*(CH3)
6.52� 295.6*(C@O)
3.29� 538.3*(CO)

540.1*(OH)
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Based on analogies with formic acid, we can expect that
the lowest unoccupied molecular orbital will be: 4a00, a
p�C@O MO. Our initial DFT time-dependent molecular orbi-
tal calculations at the 6-31G + (d,f) level with a B2LYP
density functional appeared to confirm this, but they pre-
Table 3
Valence transitions in acetic acid: calculated and experimental transition energ

Transitions between
electronic states

Principal configurations
involved in electronic transitionsa

11A00  11A0 4a00  13a 0; 5a00  13a0

21A0  11A0 14a0  13a 0

31A0  11A0 4a00  3a00; 15a 0  13a0

21A00  11A0 14a0  3a00

31A00  11A0 4a00  13a 0; 5a00  13a0

41A0  11A0 16a0  13a 0

51A0  11A0 4a00  2a00; 4a00  3a00; 5a00  3a00; 15a 0  13a0

61A0  11A0 17a0  13a 0

41A00  11A0 14a0  3a00; 15a 0  3a00

71A0  11A0 18a0  13a 0

a Minor components in italics.
dicted that the LUMO + 1, 14a0ðr�OHÞ to be only
122 meV higher. This is a relatively small energy difference
so that their order could be very sensitive to the type and
basis set of the MO calculation. Indeed, further calcula-
tions, at the B3LYP + 6-311** level gave the lowest unoc-
cupied molecular orbital as 14a 0, with 4a00 lying 147 meV
above. Calculations of their molecular orbital contours
(Fig. 4) confirmed the bonding properties, mentioned
above, of the 14a 0 and 4a00 MO�s.

The adiabatic ionization energy (IE(ad)) of acetic acid
has been reported, by Knowles and Nicholson [29], in an
early photoionization mass spectrometry (PIMS) measure-
ment, to be 10.644 ± 0.002 and 10.66 ± 0.01 eV by Villem
and Akopyan [30], and by Watanabe et al. [31], from HeI
photoelectron spectroscopy, to be 10.664 ± 0.003 eV. In a
recent PIMS study of acetic acid [8] we measured IE-
(ad) = 10.58 ± 0.02 eV, which is slightly lower than the
above values. We consider that the ion ground state 12A 0

has the electron configuration: . . .(12a 0)2(2a00)2 (3a00)2(13a 0),
12A 0. The 12A00 first excited electronic state of the ion is at
11.63 ± 0.01 eV (adiabatic energy from photoelectron spec-
troscopy [31]), of configuration . . .(12a 0)2(2a00)2(3a00)(13a 0)2.
The characteristics of higher excited states of the acetic acid
ion will be discussed later.

4.2.2. Valence states and transitions of CH3COOH

Previous assignments of the valence bands in the
absorption spectra of acetic acid have been based on corre-
lations between spectra of formic acid and other carboxylic
acids [12,27,28]. In line with our previous study on formic
acid, we will be concerned with the valence transitions dis-
cussed below (Table 3). Considering the effective symmetry
of acetic acid to be Cs, we discuss the transition dipoles as
being in plane (1A 0  1A 0), expected to be strong, or out of
plane (1A00  1A 0), expected to be weak [27,32]:

1) The lowest energy singlet–singlet valence transition,
because of its weak intensity (see below), we interpret,
on a one electron transition basis, as

. . . ð12a0Þ2ð2a00Þ2ð3a00Þ2ð13a0Þ2; 11A0

! . . . ð12a0Þ2ð2a00Þ2ð3a00Þ2ð13a0Þð4a00Þ; 11A00.
ies and oscillator strengths

Calculated transition energy (eV)
and oscillator strength

Experimental transition energy
(eV) and oscillator strength

5.825 (0.0005) �6.0 (0.001)
6.669 (0.0466) 7.25 (0.02)
7.3782 (0.001) [see text]
7.7851 (0.0022) [see text]
8.0581 (0.0003) [see text]
8.1326 (0.0037) [see text]
8.4283 (0.1492) 8.18–8.82 (0.045) [see text]
8.4867 (0.0039) [see text]
8.5397 (0.0002) [see text]
9.0417 (0.051) [see text]
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This corresponds to a 4a00  13a 0, p* nO transition,
i.e. promotion of a non-bonding electron on the car-
bonyl oxygen to an antibonding molecular orbital in
the carbonyl carbon. The effect is to modify the molec-
ular geometry from quasi-planar to pyramidal. This
weak, out-of-plane, transition, occurs in the 6.0 eV re-
gion [28], outside our spectral observation range. It
has also been observed in EELS experiments [11].
From the published spectrum of Barnes and Simpson
[12] on this broad, almost featureless absorption band,
we estimate f � 0.0004, using the formula f � 9.7 ·
10�3 · rmax · DE1/2, where the peak absorption
cross-section rmax is in Mb, and DE1/2 is the FWHM,
in eV of an assumed Gaussian band profile [32]. Our
calculations agree with these results since they give
5.825 eV as the energy of this transition, mainly result-
ing from 4a00  13a 0 and 5a00  13a 0 molecular orbital
excitations, and an oscillator strength of 0.0005 (Table
3). The spectral properties of the observed transition
are consistent with the LUMO being 4a00, since if it
were the 14a0ðr�OHÞ MO the resulting in plane dipole
transition would be expected to be much more intense
[32]. Indeed, for this transition, our DFT calculation
gives an oscillator strength f = 0.047 (Table 3).
2) The second valence transition 14a 0  13a 0,
21A 0  11A 0, is in-plane (Table 3) . This is the
~A
0
–X transition in the Bell et al. nomenclature [9].

We observe its peak absorption at 7.25 eV
(Fig. 2), in good agreement with previous workers
[9–13]. Our estimate of the oscillator strength of
this transition is f � 0.020. This is similar to the
analogous in-plane transition band at 7.5 eV in for-
mic acid, whose f � 0.025 [32]. Our calculations
give a transition energy of 6.669 eV, the main
MO excitation being 14a 0  13a 0, and an oscillator
strength of 0.047, as mentioned above. We note
that this 7.25 eV band was tentatively assigned by
Barnes and Simpson as a p�  n0O transition [12]
whereas Robin considers that it corresponds to a
3s nO Rydberg transition [28]. Our valence tran-
sition assignment is equivalent to a r�OH  n0O tran-
sition. The 3sa 0  13a 0 Rydberg transition could
also be part of this band (see later).

3) The next three transitions, in-plane 31A 0  11A 0, and
out-of-plane 21A00  11A 0 and 31A00  11A 0, (Table
3), are calculated to be very weak and are probably
part of the broad band whose maximum intensity is
at 7.795 eV (Fig. 2). This is another spectral region
where one could expect the 3sa 0  13a 0 Rydberg
transition to occur (see later). We estimate the oscil-
lator strength associated with the 7.795 eV band to
be f � 0.03. This is an order of magnitude greater
than the three valence transitions predicted to occur
in this spectral region but compatible with a Rydberg
transition [28]. Thus it is reasonable to consider that
the broad band at 7.795 eV also contains a Rydberg
transition (see later). We note that the EELS 7.8 eV
peak has been assigned to a p* p transition [11],
whereas Barnes and Simpson [12], assigned the
7.795 eV band as the 3s(r*) nO in-plane transition.

4) Several valence transitions are calculated to occur in
the 8–9 eV spectral region (Table 3), only one of
which, 51A 0  11A 0 is predicted to be a strong transi-
tion. This is observed as a series of broad bands, at
8.183, 8.340, 8.506, 8.665 and 8.825 eV (Fig. 2), in
good agreement with the observations of Bell et al.
[9] who called this the C–X transition. Our DFT cal-
culations show that there are many molecular orbital
in-plane transitions that contribute to this particular
electronic transition, the most important being
4a00  3a00 (Table 3) which is essentially a
p�C@O  pC@O transition. We measured its oscillator
strength as f = 0.045. We note that in formic acid,
in the same spectral region (8–8.8 eV), there are very
similar bands, with the same vibrational pattern and
similar intervals, which we assigned to a valence p*–p
in-plane transition of oscillator strength f = 0.2
[32].The average band interval in the 51A 0  11A 0

transition of acetic acid is 161 meV (�1300 cm�1).
This is close to five frequencies (mainly deformation)
in ground state acetic acid, which are at 1181 (OH
bend), 1280 (CCH3 sym. deformation), 1380 (CCH3

sym. deformation), 1434 (CCH3 antisym. deforma-
tion)), and 1439 (CCH3 antisym. deformation) cm�1

respectively [33]. The nature of the vibrational modes
corresponds to the principal component of the poten-
tial energy distribution for each mode [33]. The suc-
cessive frequency intervals are 1266, 1339,
1282 cm�1, whereas in the PES first band they are
1500, 1470, 1450 cm�1 [31]. This casts doubt on the
bands being part of a Rydberg series, although 3p
is probably in this region (see later), (and indeed
Robin assigns the C–X system to 3p nO [28]). We
remark that the profiles of these five vibronic bands
could accommodate both valence and Rydberg
components.

5) Higher energy valence transitions are calculated and
must exist, no doubt intertwined with Rydberg tran-
sition bands. This is most probable in the 9–9.5 eV
region, in which numerous sharp bands occur
(Fig. 2), labeled by Bell et al. [9] as the D–X transi-
tion. However, of the many valence transitions calcu-
lated to lie at higher energies than 51A 0  11A 0

(Table 3), only five are predicted by our DFT calcu-
lations to have appreciable oscillator strength, of
which one, the 71A 0  11A 0(18a 0  13a 0) transition
we assign to band #25 at 9.732 eV. The other four
valence transitions are expected to occur above
9.8 eV, in regions of high density of absorption fea-
tures assigned to Rydberg transitions (Fig. 3). We
recall that just as in the case of formic acid, where five
valence transitions were analysed [32], there might
occur valence-Rydberg mixing for some states of ace-
tic acid.
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4.2.3. Rydberg states and transitions of CH3COOH

We will initially be concerned with two main classes of
Rydberg transitions in acetic acid, those involving promo-
tion of a 13a 0 orbital electron leading at n =1 to the ion
ground state 12A 0, and those where promotion of a 3a00

orbital electron leads eventually to the first excited state
12A00 of the ion. Rydberg transitions involving higher en-
ergy ionization limits are discussed in Section 5.

There are various possible Rydberg series corresponding
to transitions to non-degenerate s orbitals and to split core
p and d orbitals. The Rydberg series transitions leading to
the ground state of the ion are:

nsa0  13a0;

npa0  13a0; npa00  13a0; npa0  13a0

nda0  13a0; nda00  13a0; nda0  13a0;

nda00  13a0; nda0  13a0;

the transitions being 1A 0  11A 0 when the Rydberg orbital
has a 0 symmetry, and 1A00  11A 0 when it has a00 symmetry.

Rydberg transitions that can lead to the first excited
state of the ion are:

nsa0  3a00;

npa0  3a00; npa00  3a00; npa0  3a00

nda0  3a00; nda00  3a00; nda0  3a00;

nda00  3a00; nda0  3a00;

the transitions here being 1A 0  11A 0 when the Rydberg
orbital has a00 symmetry, and 1A00  11A 0 when it has a 0

symmetry.
The maximum oscillator strength for a Rydberg transi-

tion is found empirically to be f = 0.08 per spatial degener-
acy [28]. A useful criterion is that transitions to 1A00 states
should in general be much weaker than to 1A 0 states.

The Rydberg series absorption bands should have upper
states whose geometry is similar to that of the acetic acid
ion state to which they converge at their limits. The elec-
tron configuration of the 12A 0 ground state of the ion leads
us to conjecture that in the Rydberg series leading to this
ion state, we should find progressions in vibrational modes
similar to those observed in the first band of the photoelec-
tron spectrum of acetic acid, and of similar relative intensi-
ties of the vibrational components. The HeI PES shows a
principal progression in a mode of frequency �1480 cm�1
[31]. We therefore searched among the absorption bands
in the expected Rydberg regions for sets of bands showing
these interval characteristics (see below). This 1480 cm�1

frequency is most probably that of a CO stretch vibration,
decreased from the 1788 cm�1 of the corresponding m4
mode in the ground state of neutral acetic acid. This de-
crease further confirms our assignment of the 4a00 molecu-
lar orbital to an antibonding p�C@O LUMO. A weaker
secondary progression in this mode at about 315 cm�1

from the origin band also occurs in the HeI PES first band
[31].
In the 12A00 excited state of the ion, removal of the 3a00

electron from the neutral ground state configuration
should, following the analogous behaviour in formic acid
[32], lead to an increase in the C@O bond length, a decrease
in the C–O bond length and marked increases in the H 0O 0C
and HCO 0 angles, as well as a decrease in the OCO 0 angle.
The actual behaviour of the carbon–oxygen stretch vibra-
tions in the HeI PES of formic acid and its isotopomers
is more complex than these expectations [34,35].
4.3. Spectral assignments of Rydberg transitions below the

ion ground state

The valence transitions were discussed in Section 4.2.2.
We now discuss the Rydberg transition bands, beginning
with those below the ion ground state energy.
4.3.1. ns 13a 0 Rydberg series

The 3sa 0  13a 0 Rydberg transition is expected to give
rise to a broad diffuse feature, similar to the corresponding
transition in formic acid. Robin [28] assigns a broad feature
at 7.08 eV (cf. Fig. 2) as this Rydberg transition in acetic
acid, which would give a value of d = 1.04 for the quantum
defect of the 3s level; this is a reasonable value for a well-
behaved s Rydberg orbital. Ari and Güven [11] assign an
EELs feature at 7.1 eV to the 3sa 0  13a 0 Rydberg transi-
tion, in agreement with Robin. As mentioned earlier, the
3sa 0  13a 0 Rydberg transition could also occur in the re-
gion of the broad band whose maximum is at 7.795 eV
(Fig. 2). If it were actually at 7.795 eV, this would corre-
spond to a quantum defect d = 0.80, which is also quite
possible for a 3s orbital exhibiting strong penetration [28].

We searched for higher members of the ns series. For
n = 4 a suitable region to explore is 9–9.5 eV (Fig. 3). This
contains 3 series of bands, a, b, c, whose first members are
respectively bands #9, 10, 11 (Table 1), and whose further
members are separated by an interval of about 1490 cm�1.
This interval is similar to the vibrational frequency
(�1480 cm�1) observed by PES in the ion ground state
[31]. The vibrational mode is undoubtedly the C@O stretch
vibration and we designate it as m4, following the acetic acid
ground state vibration nomenclature of Bertie and Micha-
elian [36].

The a–b and b–c intervals for corresponding members
of the series are on average 372 cm�1. This is most proba-
bly related to the weak progression of about 320–380 cm�1

observed in the first PES Band [31], as discussed later. The
corresponding vibrational mode is the in-plane OCO bend-
ing vibration m12, which has a frequency of 439 cm�1 in the
acetic acid ground state in the gas phase [36]. We consid-
ered in turn the first members of the a, b and c series as po-
tential 4s 13a 0 Rydberg transitions. This gave quantum
defect values d = 1.103 (a), 1.061 (b), 1.019 (c), all of which
are compatible with n = 4, the differences being due the ion
limit being considered as the vibrationless level in each
case.
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Following this up with searching for n = 5, we find at
higher energies three series of bands, e, f, g, with similar
intervals to those found for the a, b, c series, and whose
first members are respectively bands #26, 27 and 28 (Table
1). The e–f and f–g intervals for corresponding members
of the series are on average 398 cm�1 and are assigned to
the OCO bend vibration m12. The assignments gave a quan-
tum defect value d = 0.96 (e), compatible with n = 5. The
fact that the secondary intervals (about 380 cm�1) are con-
stant in going from n = 4 to 5 indicate that these intervals
are linked to vibrations, or that different Rydberg l values
are involved. As we will see later, the secondary intervals,
observed for both ns and np Rydbergs, are, within experi-
mental error, constant as a function of n, which argues in
favour of vibrational components rather than different
electronic series.

Similar series of bands were observed and assigned for
n = 6 and 7 (Table 1). The search for n = 8 was infruc-
tuous. The increased density of features in this spectral re-
gion does not make it possible to choose secondary series
with confidence.

4.3.2. The np 13a 0 Rydberg series

The principal band of the two possible 3pa 0  13a 0

Rydberg transitions, supposing d = 0.6, would be predicted
to occur at about 8.253 eV. This is precisely in the region of
the so-called C–X transition bands [9], which we have pre-
viously assigned to the valence transition, although, as
mentioned earlier, Robin [28] assigns the C–X system to
3p nO and we have remarked that the vibrational pro-
files could accommodate both valence and Rydberg
components.

We now examine higher members of the np series using
d values of this order of magnitude.

The 4pa 0  13a 0 Rydberg transition origin can be as-
signed to band #19, giving d = 0.60. The bands #19, 23,
26 form a series with an average interval of 1395 cm�1, cor-
responding to vibrational mode m4. In analogous fashion,
the 5pa 0  13a 0 Rydberg transition origin was assigned
to band #29, giving d = 0.57. The bands #29, 33, 38 form
a m4 progression with an average interval of 1456 cm�1. The
origin band of the 6pa 0  13a 0 Rydberg transition was
found to be band #35, giving d = 0.61. The m4 progression
bands #35, 40, 45 have an average frequency interval of
1424 cm�1. We were also able to assign the 7pa 0  13a 0

Rydberg transition origin to band #38, giving d = 0.60.
The bands #38, 44 form a m4 progression with an average
interval of 1420 cm�1.

Secondary components of the np Rydberg series were
less obvious than for the ns series. These components could
be masked by being within the profiles of other bands, as-
signed otherwise. Higher spectral resolution and deuterium
isotope studies are required to further the analysis.

In all, we have assigned npa 0  13a 0 Rydberg transi-
tions, and their companion bands, for n = 3�7, and for
which the quantum defects are essentially in the range
0.57–0.61 (Table 1). The possible np 0a 0  13a 0 Rydberg
transitions were not assigned, but they are expected to be
much weaker than the npa 0  13a 0 Rydberg transitions.

4.3.3. The nda 0  13a 0 Rydberg series

In formic acid the nd series has quantum defect values of
the order of d = 0.14. For acetic acid, trial d = 0.14, gives
8.952 eV for n = 3. There is a weak band at 8.948 eV
(#8), corresponding to d = 0.143. A series can be built up
with band #8 as origin followed by bands #12, 16 and 21
as a m4 progression, with an average interval 1444 cm�1.
We were also able to assign n = 4 and 5 transitions, with
satisfactory quantum defect values respectively, 0.15 and
0.13 (Table 1).

Although for each value of n, there are expected three
nda 0  13a 0 transitions, it is probable that one of these
transitions has the major oscillator strength. In any case,
we do not observe more than one nda 0  13a 0 transition
for each value of n. We do not assign any low frequency
companion bands. There are no previous reports of nd
Rydberg series for acetic acid.

4.3.4. Vibrational frequencies of the Rydberg states
converging to the ground state of the acetic acid ion

Twovibrationalmodeswere excited in theRydberg levels,
giving rise to the companion bands discussed above. The
average values of the frequencies over all companion bands
in the ns, np and nd Rydberg series converging to the ground
state of the ion are m = 1463 and 385 cm�1. These values are
very close to, andwithin the error limits of, the frequencies of
the two principal ion ground state vibrations, m = 1450
(±30)–1500 (±20) cm�1 and m = 310 (±20)–380
(±20) cm�1 observed in photoelectron spectra [31].

As mentioned above, the frequencies m = 1463 and
m = 385 cm�1 are assigned to C@O valence and OCO bend
vibrations, whose neutral ground state frequencies are
m4 = 1788 cm�1 and m12 = 439 cm�1, respectively. The large
decrease in the m4(C@O) frequency is similar to what is ob-
served for formic acid, which has a similar HOMO to that
of acetic acid, and in which the neutral
m4(C@O) = 1777 cm�1, whereas the ground state ion
m4(C@O) = 1495 cm�1 [34].

4.4. Spectral assignments: Rydberg transitions converging to

the first excited ion state 12A00

Assignments of Rydberg bands converging to the
first excited electronic state, 12A00, of the acetic acid
ion have not previously been reported. In searching
for these Rydberg bands we started with the following
two criteria:

1) We expect to find an energy interval DE of the order
of 1.015 eV between the ns, np and nd Rydberg tran-
sition bands converging to the ground state of the ion
and the corresponding series of bands which converge
to the first excited state, since this is the value of the
difference in the energies of these two ion states.
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2) The existence of companion bands to the Rydberg
transition O0

0 origin band at intervals similar to those
of vibrational frequencies of the first excited ion state.

4.4.1. n(s,p,d) 3a00 Rydberg series
The nsa 0  3a00 Rydberg series bands correspond to

out-of-plane 1A00  X1A 0 transitions, so they are not ex-
pected to be very intense. The 3sa 0  3a00 origin band
would be expected to be in the 8.7 eV region, and may
be part of the background to the structure in this spec-
tral region (Fig. 2). We assigned the origin band of the
4sa 0  3a00, band #34 (d = 0.99) and its m4 vibration com-
panion band #39, as well as the 5sa 0  3a00, band #53
(d = 0.89) (Table 1). Because of the expected weakness
of the nsa 0  3a00 transitions, we were unable to identify
further members of this Rydberg series in the absorption
spectrum.

For the np 3a00 Rydberg series, on symmetry grounds
one expects only one strong np 3a00 transition, i.e.
npa00  3a00. With assumed d = 0.6, the 3pa00  3a00 transi-
tion origin band can be expected to occur at 9.268 eV, and
this corresponds precisely to band #15 (Fig. 2), already as-
signed to 4sa0  13a0ð41012

2
0Þ vibronic transition. series

above. The intensity and profile of this band is such that
it is reasonable to consider that it also contains the
3pa00  3a00 transition origin band. A m4 companion band
(band #20) is also observed. Higher members of this Ryd-
berg series are also assigned: 4pa00  3a00 and 5pa00  3a00

and their m4 companion bands (Table 1). Because of the
high density of spectral lines in the 10–11.2 eV region
(Fig. 3), higher spectral resolution and deuterium isotope
studies would be useful to verify these assignments.

Band #36 was assigned to the 3d 3a00 Rydberg
transition, with a d = 0.06. Higher members of this ser-
ies assigned are band #50 (4d,d = 0.12), and band #56,
as the the 5d 3a00 (d = 0.17) Rydberg transition (Ta-
ble 1).

The average value of the m4 vibrational mode fre-
quency in these Rydberg progressions to the 22A00 ion
state is 1521 cm�1. This is smaller than the neutral
ground state frequency, as expected from the bonding
characteristics of the molecular orbitals, but is somewhat
higher than the average value, 1463 cm�1, for the m4
mode in Rydbergs converging to the ion ground state.
This behaviour is similar to the case of the correspond-
ing Rydberg and ion limit states of formic acid [32].
Knowledge of vibrational frequencies in the 22A00 ion
state from photoelectron spectroscopy is scarce. Values
for two frequencies are given by Watanabe et al. from
PES measurements [31], but the vibrational components
of the photoelectron second band are very poorly re-
solved, so that these frequencies are not known with
any reliable accuracy. Watanabe et al. consider that the
vibrational structure of the second PES band is similar
to that of the corresponding band of formic acid but this
remains to be confirmed.
5. Absorption at higher energies: 12–20 eV

The absorption spectrum above the second ionization
energy can be seen in Fig. 1. There are no previous reports
concerning absorption spectra of acetic acid in the 11.7–
20 eV region but there are published EELS spectra, up to
15.5 eV [11], whose energy resolution is very much less than
that of our absorption spectra. The EELs spectrum shows
a broad continuous feature between 12 and 15.5 eV, peak-
ing in the 13 eV region. Our absorption spectrum shows
several broad features between 12 and 20 eV (Fig. 1). Twin,
hardly resolved, absorption features occur at 12.92 eV
(53.6 Mb) and 13.33 eV (53.3 Mb), which doubtless corre-
spond to the EELS peak at 13 eV. The minimum at
13.75 eV is followed by a stronger peak at 14.5 eV
(60.2 Mb), not detected in the EELS spectrum, followed
by a minimum at 14.9 eV after which the absorption curve
rises to a maximum of 72.2 Mb at 16.83 eV, with two
inflexions at 15.125 and 15.77 eV.

In order to analyse the absorption spectra observed be-
tween 12 and 20 eV region we first discuss the ion states in
this region, which should be the limit states to which Ryd-
berg series in this spectral region converge. Photoelectron
spectroscopy has established a series of ion states arising
by successive loss of an electron from molecular orbitals
of CH3COOH. In the 12–20 eV region there are ionization
limits corresponding to loss respectively of the 2a00, 12a 0,
11a 0, 1a00, 10a 0, 9a 0 and 8a 0 electrons in one electron transi-
tions (Table 2). Loss of the 7a 0 electron takes place at an
energy about 4.1 eV above that of the 8a 0 electron (Table
2), which is in the 20.3 eV region. We neglect any satellite
states corresponding to two-electron transitions and con-
figurational effects in general, which is reasonable for
CH3COOH below 20 eV, which we can expect to be similar
to the case of HCOOH [37].

In Fig. 1 we give the absorption spectrum between 12.2
and 20 eV and have indicated the various vertical ioniza-
tion limits. In this spectral region there are no notable fea-
tures that can be directly linked to Rydberg transitions, nor
do the band profiles appear to characterise Rydberg transi-
tion convergence to the various ion states, apart possibly
from those corresponding to loss of the 2a00 and 11a 0

electrons.
In this spectral region one can expect also p–r*, r–p*

and r–r* transitions [38]. Assignment is hazardous, not
only because of the complexity of the molecular orbitals
relevant to this energy region, but also because the broad-
ness of the VUV absorption features makes it difficult to
determine the experimental transition energies. However,
there exist some useful considerations. Two types of unoc-
cupied r* orbitals involving C–H groups have been dis-
cussed [39]. Excitation to these orbitals would correspond
to high energy valence transitions. In type 1, the orbital
is antibonding between carbon and hydrogen atoms ; in
type 2 it is non-bonding and has little density on hydrogen
atoms. The latter has been designated as n.h. (‘‘negligible
hydrogen’’) orbitals by Lindholm et al. [39]. In the case
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of the occupied orbitals, strong orbital mixing makes their
separation into n.h. and non-n.h. impractical. From the
discussion by Lindholm et al., in particular on formic acid,
one can predict that in acetic acid strong r–r* (C–H) and
r–r* (C–C) n.h. transitions should occur in the 12–18 eV
region, with the latter being at higher energy than the r–
r* (C–H) non-n.h. transition.

We propose that the #59 and #60 features correspond
to broad overlapping Rydberg bands converging to the
22A00 (�2a00) ion state, that band #61 corresponds to a va-
lence r–r* (C–H) non-n.h. transition, while band #64 is
the r–r* (C–H) transition. Features #62 and #63 may cor-
respond to overlapping Rydberg bands converging to still
higher ion state limits. Collective p electron excitation
can also be expected in the 16–20 eV region [38] and prob-
ably contributes to the broad background absorption in
this spectral region. It is of interest that the peak absor-
bance of acetic acid, 72.2 Mb, which occurs at 16.9 eV, is
of the same order of magnitude of that of other species
containing 8 atoms, e.g. C2H6 (80 Mb) [40].

6. Conclusion

Absorption spectra of CH3COOH were measured be-
tween 6 and 20 eV. In our analysis of the spectra we dis-
cuss and use the molecular orbital structure of acetic
acid, the associated bonding properties, and our theoret-
ical calculations on valence states of this acid. Data on
ionic states and their structural and dynamic properties,
obtained from He I photoelectron spectroscopy of acetic
acid [20,21,25,26,31] were also used. Valence transitions
and the different types of expected Rydberg transitions
converging to the ground state 12A 0 and the first excited
electronic state 12A00 of the formic acid ion were first dis-
cussed. The corresponding valence and Rydberg absorp-
tion bands were then assigned in the spectral region
below 11.2 eV. Earlier studies have been limited to an
upper energy limit of 11.7 eV. In the spectral region com-
mon to previous measurements, we observed and as-
signed many features seen by previous authors [28], in
particular by Bell et al. [9]. This has involved re-assign-
ment, or assignment for the first time of reported absorp-
tion spectral features. Previous to our study, there was
no concerted identification and analysis of Rydberg tran-
sitions of acetic acid, apart from suggestions concerning
3s and 3p levels of Rydbergs converging to the ion
ground state. Our analysis identifies ns, np and nd tran-
sitions. Two vibrational companions to the Rydberg ser-
ies converging to the ion ground state were observed,
corresponding to excitation of the C@O stretch vibration
m4 and the OCO bend vibration m12. Because of spectral
congestion it was more difficult to identify Rydberg
bands converging to the first excited ion state, but we
succeeded in assigning ns, np and nd Rydberg transitions
in which the 3a00 electron is excited. Higher spectral res-
olution and deuterium isotopic studies would be useful in
for confirming and extending the Rydberg analysis.
Entirely novel aspects of our study concern the observa-
tion, analysis and assignment of absorption features at
higher energies, between 12 and 20 eV, observed and car-
ried out here for the first time. The existence of Rydberg
bands was explored for transitions whose limiting ion
states are respectively 22A00, 22A 0, 32A 0, 32A00, 42A 0, 52A 0

and 62A 0, corresponding to ionization of electrons from
the successive molecular orbitals 2a00, 12a 0, 11a 0, 1a00,
10a 0, 9a and 8a 0. Rydberg bands converging to these ioni-
zation limits were not observed as distinct discrete features.
The Rydberg bands converging to the other ionization lim-
its are apparently broad and merge to form the broad fea-
tures or underlying continuous absorption observed in
specified high energy regions. Broad bands in the 14 –
17 eV region suggested assignments in terms of two types
of r–r valence transitions, probably also involving collec-
tive p electron excitation.

The detailed information obtained in the present
absorption study is of direct use not only in the interpreta-
tion of acetic acid dissociative photoionization but also for
other photophysical properties, such as fluorescence emis-
sion observed from neutral and ionic dissociation channels
as a function of excitation energy [8]. As mentioned in Sec-
tion 1, this information is of direct interest for interpreting
certain observations of atmospheric and astrophysical phe-
nomena, for predicting regions of the interstellar medium
liable to contain acetic acid, and for general exobiology
studies in which acetic acid plays a role as a building block
of biomolecules.
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[21] W. von Niessen, G. Bieri, L. Åsbrink, J. Electron Spectrosc. Rel.
Phen. 21 (1980) 175.

[22] M.B. Robin, I. Ishii, R. McLaren, A.P. Hitchcock, J. Electron
Spectrosc. Rel. Phen. 47 (1988) 53.

[23] S.G. Urquhart, H. Ade, J. Phys. Chem. B 106 (2002) 8531.
[24] N. Kosugi, H. Kuroda, Chem. Phys. Lett. 74 (1980) 490.
[25] P.H. Cannington, N.S. Ham, J. Electron Spectrosc. Rel. Phen. 31

(1983) 175.
[26] K. Kimura, S. Katsumata, T. Yamazaki, H. Wakabashi, J. Electron

Spectrosc. Rel. Phen. 6 (1975) 41.
[27] H. Basch, M.B. Robin, N.A. Kuebler, J. Chem. Phys. 49 (1968) 5007.
[28] M.B. Robin, Higher Excited States of Polyatomic Molecules, I, II,

III, Academic Press, Inc., London, 1974, 1975, 1985.
[29] D.J. Knowles, A.J.C. Nicholson, J. Chem. Phys. 60 (1974) 1180.
[30] Ya.Ya. Villem, M.E. Akopyan, Russ. J. Phys. Chem. 50 (1976) 394.
[31] I. Watanabe, Y. Yokoyama, S. Ikeda, Bull. Chem. Soc. Jpn 47 (1974)

627.
[32] S. Leach, M. Schwell, F. Dulieu, J.-L. Chotin, H.W. Jochims, H.
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