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a b s t r a c t

A VUV photoionization study of acetamide was carried out over the 8–24 eV photon energy range using
synchrotron radiation and photoelectron/photoion coincidence (PEPICO) spectroscopy. Threshold photo-
electron photoion coincidence (TPEPICO) measurements were also made. Photoion yield curves and
branching ratios were measured for the parent ion and six fragment ions. The adiabatic ionization energy
of acetamide was determined as I.E. (12A0) = (9.71 ± 0.02) eV, in agreement with an earlier reported pho-
toionization mass spectrometry (PIMS) value. The adiabatic energy of the first excited state of the ion,
12A00, was determined to be �10.1 eV. Assignments of the fragment ions and the pathways of their forma-
tion by dissociative photoionization were made. The neutral species lost in the principal dissociative pho-
toionization processes are CH3, NH2, NH3, CO, HCCO and NH2CO. Heats of formation are derived for all
ions detected and are compared with literature values. Some astrophysical implications of these results
are discussed.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Acetamide, H3C–C(O)–NH2, is one among simple model
molecules for the peptide linkage in polypeptides and proteins.
Understanding the conformation of these biologically important
species can be assisted by knowledge of the structure of this
amide. Furthermore, amides are possible precursor molecules in
the prebiotic formation of aminoacids that are necessary for the
synthesis of proteins [1]. Our previous VUV spectroscopy and
photophysics studies on small prebiotic molecules [2], as well as
on amino acids [3] and purines and pyrimidines [4], including
nucleobases [5], have been carried out in the context of their
relevance to exobiological questions. Other groups have been
working in this context too [6]. UV and VUV radiation are among
the important energy sources impinging on prebiotic and biotic
species in astrophysical sites [7].

There have been numerous attempts to prepare these species
from simpler compounds under conditions that resemble those
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of the primitive Earth. For a review on this subject see Ref. [8].
There have also been experimental and theoretical studies of
analogous processes in the interstellar medium (ISM) [9,10]. Acet-
amide has been observed in the ISM by radioastronomy spectral
measurements, in both emission and absorption, in the star-form-
ing region Sagittarius B2(N) [11]. The interstellar formation of
acetamide is speculated to occur by the exothermic reaction of
the methylene radical CH2 with formamide, the latter being pres-
ent in this region of space with an abundance five times that of
acetamide [11]. Spin is not conserved in this reaction so that an
activation barrier could exist. Shocks and UV irradiation could
help overcome a barrier to reaction. Models have also been pro-
posed [10] in which acetamide is formed on interstellar grains
by radical–radical interactions. The reacting radicals, CH3 and
HNCO, require irradiation of the icy mantles for their eventual
formation on the grains. The reaction between these radicals is
followed by hydrogenation to form acetamide which is then re-
leased to the gas phase, where it is observed by radioastronomy,
by warm-up mechanisms. Fair agreement with the observed
abundance of acetamide in the ISM has been obtained with at
least one theoretical model [10].

We remark also that acetamide has been synthesized in labora-
tory studies involving UV photolysis and proton irradiation of
interstellar and pre-cometary ice analogues, such as frozen
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mixtures of H2O, CH3OH, NH3 and CO [12]. However, acetamide has
not yet been observed in comets.

In this work we have carried out a VUV photoionization study
using synchrotron radiation and electron/ion coincidence spectros-
copy in the 8–24 eV energy range. The results are important for the
determination of survival conditions of this prebiotic molecule to
VUV radiation in an astrophysical context. In addition, the study
and interpretation of the products of dissociative photoionization
of acetamide have potential repercussions, in particular, relative
to the use of mass spectrometry in peptide sequencing, which re-
quires an understanding of the chemistry of amides in the mass
spectrometer. Earlier photoionization mass spectrometry (PIMS)
studies on acetamide have been carried out by Watanabe et al.
[13], who measured the ionization energy, and by Schröder et al.
[14] who studied keto/enol isomerization of the acetamide cation.
In the latter study, quadrupole mass spectrometry has been used
and appearance energies (AE) were reported too, but no ion yield
curves or branching ratios.

2. Structural aspects

2.1. The structure of neutral acetamide

The acetamide molecule is considered to be planar and to have
Cs symmetry [15,16]. Electron diffraction data [17] are compatible
with a planar structure, but neutron diffraction studies [18] have
shown that the peptide moiety in acetamide is slightly non-planar.
In the present study we consider acetamide as effectively planar, as
is compatible with infrared spectroscopy studies in the gas phase
[19,20].

Ab initio molecular orbital studies on the structure of acetamide
[21] show that the most stable conformation is that in which the
methyl group is staggered with respect to the N–C bond. The
methyl group is thus eclipsed with respect to the C@O link. The
barrier to rotation of the methyl group with respect to the N–C
bond is �740 meV, determined by NMR for acetamide in solution
[22]. Calculated values are 635–890 meV, according to the level
of calculation [21], and 542 meV, in ab initio calculations which in-
clude polarization functions in the basis set [23]. We note that, like
formamide, acetamide can be considered to have two resonant
structures, which give the C–N bond partial double bond character
with a planarised nitrogen atom.

2.2. Electronic structure

According to Asbrink et al. [24] the electron configuration of the
planar Cs acetamide molecule is:

. . . ð5a0Þ2ð6a0Þ2ð7a0Þ2ð8a0Þ2ð9a0Þ2ð1a00Þ2ð10a0Þ2ð11a0Þ2

� ð12a0Þ2ð2a00Þ2ð3a00Þ2ð13a0Þ2

The a0 M.O.s are r orbitals, the a00 are p orbitals. The two highest
occupied orbitals are close together. All interpretations of the pho-
toelectron spectra (PES) of acetamide [24–29] respect the above or-
der of the two highest M.O.s.

3. Experimental

Measurements were performed at the undulator beamline DES-
IRS [30] of the Synchrotron Soleil (St. Aubin, France). The permanent
endstation named SAPHIRS, on one of the two monochromatised
branches of this beamline, was employed for our measurements.
The beamline incorporates a 6.65 m normal incidence monochro-
mator [31] which is equipped with four different gratings. For our
measurements, we used the 200 grooves/mm grating which pro-
vides a constant linear dispersion of 7.2 Å/mm at the exit slit of
the monochromator. The typical slit width used in our experiments
is 100 lm, yielding a monochromator resolution of 0.7 Å for these
conditions (about 6 meV at hm = 10 eV and 18 meV at hm = 18 eV).
We also note that the beamline is equipped with a gas filter [32],
which effectively removes all the high harmonics generated by the
undulator that could be later transmitted by the grating, providing
a high spectral purity. In this work, Ar has been used as a filter gas
for all measurements below 16 eV.

The DELICIOUS II apparatus has been described in detail re-
cently [33]. Briefly, it consists of a photoelectron photoion coinci-
dence (PEPICO) spectrometer combining velocity map imaging
(VMI) of the photoelectrons with a linear time-of-flight mass ana-
lyzer operating according to Wiley–MacLaren space focusing con-
ditions. From the electron images, zero kinetic energy electrons
can be selected in order to measure Threshold-PEPICO (TPEPICO)
mass spectra with resolutions as small as 1 meV. In TPEPICO en-
ergy scans, the total resolution is given by the convolution of the
monochromator’s resolution and the energy resolution of the
threshold electrons. The latter can be chosen a posteriori by chang-
ing the size of the central area of the VMI image used for the coin-
cidence measurement within an interval depending on the selected
extraction field (cf. [33] for more details). In PEPICO energy scans,
giving partial ion yields, electrons with a maximum kinetic energy
(KEmax) of up to 0.95 eV are used for the coincidence measure-
ments in this study, i.e. there is no ion discrimination up to
0.95 eV above the onsets. KEmax depends on the extraction field ap-
plied in DELICIOUS II (95 V/cm in our case; cf. Ref. [33]). The spec-
tral resolution of these scans is defined only by the slit widths of
the monochromator (see above). The step size in the ion yield
curves is 5 meV. The energy scale was calibrated using known
absorbing Ar lines from the gas filter. The absolute energy preci-
sion is better than 3 meV. All photoion yield curves were normal-
ized with respect to the incoming photon flux, continuously
measured by a photodiode (AXUV100, IRD).

Due to its low vapour pressure, the solid acetamide powder
(from Sigma Aldrich, no further purification) was placed inside
an in-vacuum oven heated to 80 �C. The resulting vapour was
mixed with 1 bar of He and expanded through a 50 lm nozzle.
The molecular beam then traversed a 1 mm skimmer to enter the
ionization chamber, where it intersected the VUV photon beam
whose transverse dimensions are about 200 lm (horizon-
tal) � 100 lm (vertical).

We remark that our PEPICO fragment ion appearance energies
(AEs) correspond to effective thermochemical energy values. The
two main factors for the possible difference between the measured
AE and the 0 K value are (a) the limited detection sensitivity and
(b) the thermal energy stored in the parent neutral. Fragmentation
dynamics (possible activation barriers, formation of vibrationally
excited fragments) also influence the effective AE. This has been
discussed in more detail earlier [34]. In the present molecular
beam experiment, the expected low temperature (�40 K) should,
however, provide a value closer to the AE0K than room temperature
experiments. Also, compensatory effects may lead to appearance
energies that reflect reasonably well their 0 K values as has been
pointed out by Chupka [35].

The AEs are determined from semi-log ion yield plots in the
threshold region by fitting straight lines to the noise and to the
ion signal rise in this region (not shown in our figures). The photon
energy at the intersection of these two lines is assigned to the mea-
sured AE value. Applying different fits, the precision is estimated
by visual inspection of the variation of the intersection and is thus
a function of the sharpness of the ion signal rise in the threshold
region. Ion yield curves are shown on a linear scale in the figures
in order not to distort the shape of the spectrum. The yields for
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Fig. 1. Photoionization mass spectra of acetamide. (a) 10.5 eV and (b) 12 eV photon
excitation energy (PEPICO).
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the various ions are given as a percentage of total yield in these fig-
ures, and as normalized intensity for the m/z 15 ion (Fig. 6) as dis-
cussed in Section 4.3.8.

The measured AE’s are used to calculate enthalpies of formation
of fragment ions mþ

1 for different possible fragmentation pathways,
using Eq. (2):

Mþ hm!Mþ þ e� !mþ
1 þmi þ e� ð1Þ

AEþ Df HgasðMÞ � R½Df HgasðmiÞ� ¼ Df Hgasðmþ
1 Þ ð2Þ

The DfHðmþ
1 Þ values determined from Eq. (2) are then compared to

tabulated standard thermochemical enthalpies of formation, thus
permitting assignment of particular fragmentation channels. If liter-
ature Df Hðmþ

1 Þ values are not available, our values represent new,
upper limit values of these entities.

In Table 1 we report the m/z peaks observed at 21 eV photon
excitation energy and the corresponding appearance energies.
The ionic and neutral products of the dissociative ionization pro-
cesses given in this table result from the discussion in Section 4.3.

4. Results and discussion

4.1. The photoion mass spectrum

The mass spectra were recorded at a series of photon excitation
energies between 10.5 and 13 eV and between 18 and 24 eV. The
TOF mass spectrometer has about 100% transmission efficiency,
independent of mass, so that the observed relative intensities re-
flect true branching ratios at each excitation energy. In our exper-
iment, the ions have about 3.5 keV kinetic energy when impinging
on the detector so that the mass dependence of the MCP sensitivity
can be neglected (cf. [36]). Low photon energy excitation mass
spectra are presented for Eexc = 10.5 eV (Fig. 1a) and 12 eV
(Fig. 1b). At 10.5 eV only the parent ion at m/z 59 as well as its
13C isotopic sibling at m/z 60. The m/z 60 mass peak probably con-
tains a contribution of protonated acetamide since its intensity is
higher than the 2.6% expected for the 13C isotopomer (the m/z 17
ion present in this mass spectrum is due to an ammonia impurity
arising from thermal dissociation of acetamide, see later). At
Eexc = 12 eV several fragment ions appear, in addition to the parent
ion: m/z 44, 43, 42, 31, and 18. At 14.6 eV, CHþ3 (m/z 15) also ap-
pears (cf. Table 1). We remark that in our photoion mass spectra
each peak exhibits a tail towards longer times-of-flight. This is
due to the effects of an inhomogeneous electric field under VMI
extraction conditions [33].

At higher excitation energies a series of mass spectra has been
recorded up to 24 eV, but no ion yield scans. We show examples
Table 1
Acetamide Photoion Mass Spectrum at Eexc = 21 eV: Ion and neutral product
assignments and appearance energies.

m/z Ion Neutral product Ion appearance energy (eV)

59 H2NC ¼ OCHþ3 – 9.71 ± 0.02
44 NH2–C@O+ CH3 10.88 ± 0.03

(11.6 EI, [48])
43 CH3 CO+ NH2 11.19 ± 0.05

(11.7 EI, [48])
42 CH2@C@O+ NH3 11.25 ± 0.05
41 C2H3N+ H2O

HCCO+ NH3 + H
31 CH2NHþ3 CO 10.71 ± 0.03
18 NHþ4 HCCO 10.77 ± 0.03
17 NHþ3 impurity 10.16 ± 0.03

NHþ3 CH2CO
15 CHþ3 H2NCO 14.60 ± 0.05
14 CHþ2 H2NCHO n.d.
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Fig. 2. Photoionization mass spectra of acetamide. (a) 17 eV, (b) 19 eV and (c) 21 eV
photon excitation energy (PEPICO).
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at Eexc = 17, 19, and 21 eV in Fig. 2. They resemble grossly to the
70 eV electron impact mass spectra (EI-MS) [37,38] whose princi-
pal mass peaks are m/z 59, 44, 43, 42, 41, 28, and 15. In both EI
studies, the parent ion is the base peak of the mass spectrum. This
is in contrast to our photon impact mass spectrum as can be seen
in Fig. 2, most probably because KEmax of the photoelectrons is lim-
ited to 0.95 eV in our study. The intensity ratios of the principal
fragment ions, however, vary only slightly in the three studies
[37,38], and ours. Besides mass discrimination effects due to differ-
ent experimental methodologies, slight differences may be due to
differences between photon impact and electron impact excitation
processes, as discussed elsewhere [39].

The fragment m/z 28 is not seen in our study below the N2 ion-
ization threshold (15.581 eV). In the case of EI studies, it might
therefore be due to residual N2, which is always difficult to ex-
clude. The NIST EI-MS [37] also reports relatively strong ions of
m/z 18 and 17 but Gilpin [38] does not. We see these ions at higher
energies too, however in this energy regime they are partly due to
the water contamination of the hygroscopic sample.

Weak ions (<5% rel. int.), with m/z 45, 40, 39, 38, 31, 30, 29, 27,
16, and 14 are also observed in the EI studies. Most of them do not
appear in our photon impact mass spectra up to an excitation en-
ergy of 24 eV, except for m/z 31 below 15 eV (cf. Fig. 1), m/z 16 and
14. m/z 40 in our mass spectra in Fig. 2 is due to an Ar+ impurity.
m/z 16 is first observed in very low intensity in a mass spectrum
taken at E = 15.5 eV (not shown). With appearance energy data
found in the NIST database [37], it can be concluded that this mass
peak is most probably due to NHþ2 formed by dissociative ioniza-
tion of NH3 which is present in our heated sample. The peak at
m/z 14 is first observed in very low intensity at Eexc = 17 eV (cf.
Fig. 2a). It is tentatively assigned to CHþ2 (see discussion in
Section 4.3.9).

4.2. The parent ion m/z 59

4.2.1. Ionization energies
Fig. 3a shows the TPEPICO yield curve of the parent ion, m/z 59

recorded with a resolution of 10 meV. It provides measurements of
the vertical and adiabatic ionization energies of acetamide. The
maximum of the first sharp band is attributed to vertical IE so that
IEvert = (9.74 ± 0.02) eV. The beginning of the first sharp rise is
attributed to the adiabatic IE so that IEad = (9.71 ± 0.02) eV (see
Fig. 3). The weak band seen at 9.69 eV is most probably a hot band.
For the sake of completeness, we also show the m/z 59 PEPICO
spectrum (Fig. 3b). The spectral resolution here is 6 meV. Note that
the IEad read from the PEPICO spectrum is also 9.71 eV (neglecting
a small hot band contribution).

IEvert and IEad values will be discussed below and compared
with literature values, but first we discuss the structure of the cat-
ion in its ground and first excited electronic states.

There have been relatively few studies of the structure of the
acetamide cation. Four possible tautomers have been considered
in Refs. [40,41]: They are shown in Scheme 1.

Mourges et al. [40] and Drewello et al. [41] have explored, both
experimentally and theoretically, aspects of the potential energy
surface of C2H5NO+ isomers. The neutral keto form of acetamide
is thermochemically more stable than the enol form, with a high
energy barrier of the order of 2 eV between them [14]. The cation
of the enol (tautomer II), however, is calculated to be 710 meV
[41] or 820 meV [40] lower in energy than ionized acetamide in
its keto form I. The tautomers III and IV are calculated by Mourges
et al. [40] to be, respectively, 190 meV below and 473 meV above
species I (see Scheme 1b).

One might expect negligible isomerisation between ionized
acetamide I and its enol tautomer CH2@C—ðOHÞNHþ2 (II) since the
latter is separated from the acetamide ion by a substantial barrier,
calculated to be 1.52 eV [41] or 1.16 eV [40]. However, experi-
ments in which the products of photoionization are monitored
chemically, after a delay in the microsecond regime [14], have
shown that keto-enol isomerisation of the acetamide ion occurs
at an excitation energy of 10.42 eV, the threshold energy for an
enol specific product. This implies that the effective barrier height
for keto-enol isomerisation of the acetamide ion is only about
740 meV.

In Table 2 we compare our IE values for acetamide with values
obtained from the PIMS measurements of Watanabe et al. [13] and
of Schröder et al. [14], as well as with values reported in photoelec-
tron spectroscopy studies. Our adiabatic energy value is 60 meV
smaller than that of Watanabe et al. [13] but agrees well with that
of Schröder et al. [14] considering experimental errors. It is greater
than the PES value of McGlynn et al. [28,29]. However, the latter
value is given without error bars and must have a subjective eval-
uation, as judged from the acetamide photoelectron spectrum gi-
ven in Fig. 2 of Ref. [28]. Our vertical IE is 120–260 meV smaller
than those obtained by HeI photoelectron spectroscopy.

In Table 2 we have also compared the vertical values of ioniza-
tion of the second highest occupied orbital, a p M.O. On the basis of
the difference between vertical IE’s given in this table, the experi-
mental energy separation between the excited 12A00 p state and the
ground 12A0 r state is about 400 meV. OVGF calculations give
50 meV [27] while HAM/3 calculations give P400 meV [24]. The
corresponding experimental value for the analogous states in
formamide is 330 meV [39]. The adiabatic ionization energy of
the p orbital in acetamide can therefore be estimated as approxi-
mately 9.7 + 0.4 eV � 10.1 eV, assuming the geometry of the 12A0
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and 12A00 electronic states of the ion to be similar. In the TPEPICO
spectrum, which exhibits considerable vibronic structure
(Fig. 3a), and whose detailed analysis is ongoing, there is a notable
band at �10.10 eV which we tentatively assign to the origin band
of the excited 12A00 p state of the ion.

The acetamide ion can therefore nominally exist as a r (2A0) or a
p (2A00) radical (cf. Table 2) and the chemistry of such radicals is ex-
pected to be different [39]. However, this difference would only be
clearly demonstrated if the r (2A0) or a p (2A00) states can act as iso-
lated states. Whether this is the case merits discussion: If there is
no r–p interaction, a r radical cation would then be generated at
9.71 eV and a p radical cation at about 10.1 eV. In the r system, the
charge is localized on the carbonyl carbon atom [41], whereas in
the p system the charge is distributed over the O, C, and N atoms.
However, the close proximity of these two electronic states favours
their interaction so that the fragmentation of the ion at higher
energies would be not from isolated states but from the ground
state, of mixed r and p parentage, as conjectured by the quasi-
equilibrium theory of mass spectra [42]. Dissociation channels,
which become active above 10.71 eV (CO-loss channel, Table 1),
will explore the vibronic configurational space that has mixed per-
centage parentage of the r and p states. We note, however, that for
a molecule as small as acetamide, the possibility can exist of well-
separated higher electronic excited states acting as isolated states.
In that case, dissociation processes localized to these states can oc-
Table 2
Adiabatic and vertical ionization energies of acetamide.

r IEad (eV) r IEvert (eV) p IEvert (eV) DIEr (meV

9.71 ± 0.02 9.74 ± 0.02 30
9.68 ± 0.03
9.77 ± 0.02
9.80 9.96 10.32 160
9.62 9.95 10.34 330
(9.62) 10.0 10.4

9.86 10.32

a DIEr = (r IEvert � r IEad).
b DIEp = (p IEvert � p IEad).
cur, and even fluorescence could be observed from such excited
states, if the competitive time-scales are favourable [43]. In this re-
spect it is of interest that there is a 22A00 electronic state of the acet-
amide ion at 13.0 eV [24]. The �3 eV energy gap between the 22A00

and the 12A00 ion states could possibly satisfy isolated states criteria
[43]. We note that the threshold energy of 10.42 eV for keto-enol
isomerisation of the acetamide ion [14] is below that of the lowest
dissociation channel which is at 10.71 eV (Table 1). Thus the con-
figurational space explored must include this isomerisation above
10.42 eV; its relative importance is unknown as yet.

4.2.2. Heat of formation of the acetamide parent cation
The heat of formation of acetamide is reported as DfH

(H2NCHO) = (�2.469 ± 0.008) eV [44]. Using our value IEad =
(9.71 ± 0.02) eV, the heat of formation of the acetamide cation be-
comes (7.24 ± 0.02) eV. The listed value in the compilation of Lias
et al. [44] is given as 7.18 eV, based on a value of IEad =
9.65 ± 0.03 eV derived from an early measurement by Vilesov [45].

4.3. Fragment ions

Compared to the parent ion, the fragment ions of acetamide
formed by dissociative ionization are quite weak in the energy
range where they appear (cf. Fig. 1b). Also, the oven temperature
could not be raised further in order to increase the signals because
)a DIEp (meV)b Technique Reference

TPEPICO-MS Present study
PIMS [14]
PIMS [13]

360 PES [26]
390 PES [28,29]
400 PES [24]
460 PES [27]
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already at 80� C, some decomposition is observed (see discussion
on m/z 17). This is the reason why their AEs are determined from
PEPICO curves only. The TPEPICO signal with appropriate resolu-
tion is too weak in order to realize a threshold evaluation.

In this section we assign the fragment ions whose AEs were
measured (m/z 44, 43, 42, 18, 17, 15; see Figs. 4–6) and discuss
the corresponding dissociative ionization processes. The other ions
observed in the photoion mass spectra (Table 1) are too weak for
their yield curves to be measured but the assignments of some
are discussed. The breakdown diagram for the measured ions
yields is presented in Section 4.4.

4.3.1. m/z 44
The m/z 44 ion yield curve, given in Fig. 4a, corresponds to the

CH3 loss channel. The fragment cation has the elemental composi-
tion [N,H2,C,O]+. There are several possible structures for this ion
[46] but the most probable form is H2N–CO+, formed by rupture
of the C–C bond in the parent ion. That this ion is indeed H2NCO+

is confirmed by the CID mass spectrum of acetamide [47].
The appearance energy of the H2NCO+ ion is AE =

(10.88 ± 0.03) eV. Thus the C–C bond dissociation energy in the
acetamide cation is only (1170 ± 50) meV. A slightly higher PIMS
AE value, (11.00 ± 0.04) eV, was observed in Ref. [14]. The reported
electron impact AE for m/z 44 is 11.6 eV [44] which is much higher
than our photon impact value, and this to a surprising extent, con-
sidering that the photoion yield curve of Fig. 4a shows a consider-
able signal at 11.6 eV.

From our AE we calculate DfH(H2NCO+) = (6.90 ± 0.04) eV. This
is smaller than the 7.26 eV value given in the Lias et al. compilation
[44] but agrees well with the value DfH(H2NCO+) = 6.96 eV that
Hop et al. [47] found experimentally from the m/z 44 AEs observed
in an EI mass spectral study of four different precursor molecules
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(including acetamide). Hop et al. [47] also derived a value from the
proton affinity of isocyanic acid, HNCO, yielding DfH
(H2NCO+) = 7.04 eV. However, no error bars are given in this work
so it is difficult to relate their EI values to our PI data.

We note also that our heat of formation is slightly smaller but is
in satisfactory agreement with DfH(H2NCO+) = (7.10 ± 0.01) eV ob-
tained, in a recent PIMS study of formamide, from the AE of the H-
loss reaction in this cation [39].
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4.3.2. m/z 43
This ion is assigned to the acetyl cation, CH3CO+, that is formed

by loss of NH2. Its ion yield curve (Fig. 4b) provides the appearance
energy AE = (11.19 ± 0.03) eV, in good agreement with a previous
PIMS value AE = (11.24 ± 0.06) eV [14]. An electron impact value
of AE = 11.7 eV has been reported in Ref. [48].

From our appearance energy, and using DfH(NH2) = �1.973 eV
[37], we determine the heat of formation of this fragment ion to
be DfH(CH3CO+) = (6.748 ± 0.058) eV. Our value of the heat of for-
mation of the acetyl ion is (85 ± 69) meV below the value
DfH(CH3CO+) = (6.833 ± 0.011) eV listed by Holmes et al. [46]. A va-
lue of DfH(CH3CO+) = 6.632 eV has also been reported [49]. We
note that the acetyl cation is by far the lowest energy isomer of
the nine [C2H3O]+ ions studied theoretically by Nobes et al. [49]
so that our appearance energy validates assigning m/z 43 to this
ion. The reaction is an a-cleavage which yields CH3CO+ + NH2, in
competition with the H2NCO+ + CH3 channel discussed above. This
dissociation could take place from one or both of the keto (I) and
enol (II) ion structures. The intensity ratio of the H2NCO+ to the
CH3CO+ ion in the 70 eV EI mass spectra is of the order of 1.4
[37,38] and there is a similar intensity ratio in our photon impact
mass spectra at excitation energies Eexc P 12 eV, which indicates
that the H2NCO+ + CH3 reaction channel is favoured over this exci-
tation energy range.

An alternative assignment of m/z 43 is to the HNCO+ ion, which
can be formed by CH4-loss via an ion-neutral complex. A high res-
olution mass spectrometric study of acetamide has shown that this
channel is responsible for only 9% of the m/z 43 ions formed by
70 eV electron impact on acetamide [50]. The calculated AE(HN-
CO+) = 12.236 eV, is over 1 eV above the observed AE (m/z 43), so
that at threshold for the appearance of m/z 43 the ions are exclu-
sively CH3CO+.
4.3.3. m/z 42
This is assigned to the ketene cation CH2@C@O+, formed by NH3

loss. The appearance energy, AE = (11.25 ± 0.05) eV (Fig. 4c) is in
satisfactory agreement with the PIMS AE = (11.13 ± 0.07) eV of
Schröder et al. [14]. It is considerably smaller than AE = 11.7 eV re-
ported in an electron impact study [48], which is understandable,
given the very slow rise of the m/z 42 ion in the threshold region
(cf. Figs. 4c and 7). Our fragment ion assignment is confirmed by
the heat of formation of the m/z 42 ion, DfH (CH2@C@O+) =
(9.257 ± 0.062) eV, that we determine from our AE using
DfH(NH3) = (�0.476 ± 0.04) eV [44]. The NIST compilation gives
DfH(CH2@C@O+) = 9.108 eV [37], based on a value
DfH(CH2@C@O) = �0.539 eV [51] for the heat of formation of neu-
tral ketene. Our value DfH(CH2@C@O+) = (9.257 ± 0.062) eV is clo-
ser to that, DfH(CH2@C@O+) = (9.119 ± 0.030) eV, obtained using
the earlier accepted value DfH(CH2@C@O) = �0.494 ± 0.026 eV
[52].

The (150 ± 60) meV excess energy in our experimental value of
DfH(CH2@C@O+), as compared with that in the NIST compilation,
probably reflects the existence of a complex pathway in creating
the ketene cation from acetamide. A possible pathway involves
prior isomerisation to an intermediate ion H3N� � �CH2@C@O+, exist-
ing at a potential energy minimum at a 3-21G//3-21 level of theory
[41], which could then form the CH2@C@O+ ion by rupture of the
N� � �CH2 weak bond in the complex. A more recent experimental
and theoretical study [40] proposes that the acetamide cation (I)
undergoes 1,3–H transfer to give not only tautomer II, the enol
ion, but also tautomer III, an intermediate distonic cation
CH2CONHþ3 . The latter then dissociates to CH2@C@O+ + NH3 by
cleavage of the N–C bond. The dissociation energy, 1.54 eV, is smal-
ler than the calculated I–III transition state energy, 1.89 eV [40],
but a similar difference between experimental dissociation ener-
gies and calculated transition state energies has also been found
for other acetamide cation dissociation reactions, as discussed
later.

Morton [50] has shown, in a high resolution 70 eV EI study of
the mass spectrum of acetamide, that the m/z 42 ion is due not only
to the CH2@C@O+ ion but also to an ion of elemental composition
C2H4N+ formed in an OH-loss dissociation process, involving prior
tautomerisation of the acetamide ion to CH3CO(H)@NH+ (tautomer
IV). The structure of the C2H4N+ fragment ion was not determined
and we note that there are 12 conceivable isomers having this
composition [46]. The high resolution study found that the inten-
sity of the C2H4N+ ion is only about 7% of that of the CH2@C@O+

ion. At our mass resolution, a study of deuterated acetamide would
be necessary to detect separately the deuterated versions of the
two product ions of m/z 42 in hydrogenated acetamide. A calcula-
tion of the appearance energy of the OH-loss channel, based on
experimental and theoretical thermochemical data for the 12 pos-
sible isomers of the C2H4N+ ion [46] gives the range AE
(C2H4N+) = 11.42–15.1 eV. Our experimental AE = (11.20 ± 0.05) eV
for m/z 42 is smaller than the lowest estimated value showing that
at threshold this fragment ion is the ketene cation and not C2H4N+.
The observation that the relative intensity of ion m/z 42 is 1.6 times
greater in the photon than in the 70 eV EI-MS (the latter is ex-
pected to mimic 35 eV photon excitation behaviour [53]) suggests
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that the two products, CH2@C@O+ and C2H4N+ do not have parallel
ion yield curves as a function of energy.

4.3.4. m/z 41
The m/z 41 fragment ion is seen as a very weak signal in both

photon impact and electron impact mass spectra. In our work it
is first seen in a mass spectrum at 15.5 eV (not shown). However,
even at higher photon energies, its intensity does hardly exceed
the background noise level as can be seen in Figs. 2a–c. Two possi-
ble assignments of the dissociation channel are: (i) C2H3N+ (+H2O)
and (ii) HCCO+ (+NH3 + H). These two channels have been found to
have, respectively, �(2.8 ± 0.4)% and, �(8.6 ± 1.0)% of the intensity
of the m/z 44 ion in a high resolution 70 eV EI mass spectrum [50],
the total relative intensity for the m/z 41 ions being thus
(11.4 ± 1.4)%. Other 70 eV EI mass spectral values are 7% [37] and
21% [38]. In our photon impact mass spectrum at 21 eV photon
excitation energy the m/z 41 peak was 8.6 ± 1.0% of the m/z 44
peak, which is of a similar order to the sum of the resolved m/z
41 relative intensities in the high resolution 70 eV EI mass spec-
trum [50] and to the m/z 41 ion relative intensity in the NIST EI-
MS [37]. Presumably the relative proportion of the C2H3N+ and
HCCO+ ions is similar in the EI and photon impact cases. AEs calcu-
lated from thermodynamic data are 12.92 eV for C2H3N+ and
15.95 eV for HCCO+. Our observations are therefore consistent with
the higher relative proportion of HCCO+ to C2H3N+ observed in the
70 eV EI mass spectra of Morton [50].

4.3.5. m/z 31
The two assignable ions of m/z 31 are CH3NHþ2 and its distonic

isomer, CH2NHþ3 . In both cases the neutral product is CO. The
appearance energy of m/z 31 is AE = (10.71 ± 0.03) eV (Fig. 5a), in
good agreement with a previous PIMS value AE = 10.77 ± 0.05 eV
[14]. From our AE and DfH(CO) = �1.145 eV [37] we obtain as
upper limiting values Df HðCH3NHþ2 =CH2NHþ3 Þ ¼ð9:386� 0:038ÞeV.
The Lias et al. compilation [44] gives values Df HðCH3NHþ2 Þ ¼
8:725 eV and Df HðCH2NHþ3 Þ 	 8:715 eV. The difference of the order
of 670 meV with our experimental value could signal the existence
of a large barrier in the formation of the m/z 31 ion by decarbony-
lation. Drewello et al. [41] have concluded from an experimental
and theoretical study that, on electron impact, decarbonylation of
the acetamide ion leads to formation of the distonic ion CH2NHþ3
with only an insignificant production of CH3NHþ2 . The dissociation
process involves isomerisation of the parent ion via intermediates
that undergo hydrogen exchange between the CH3CO and NH2

groups, as discussed in a previous section. In a reaction scheme
proposed by Mourges et al. [40] the process involves I ? III isom-
erisation followed by further isomerisation of CH2CONHþ3 to the
intermediate structure NH3CH2CO+, which then dissociates to
CH2NHþ3 þ CO. This complex pathway could account for a high en-
ergy barrier in the decarbonylation reaction.

4.3.6. m/z 18
The ion signal at m/z 18 is assigned to NHþ4 , with HCCO as neu-

tral product. The appearance energy AE = (10.77 ± 0.03) eV
(Fig. 5b), in excellent agreement with the PIMS value
AE = (10.77 ± 0.05) eV [14], is much below the H2O ionization en-
ergy (12.62 eV [37]), which shows that the m/z 18 signal at
10.77 eV is not due to a water impurity, although a water impurity
does exist and is seen at higher excitation energies.

The formation of NHþ4 is suggested to involve prior isomerisa-
tion of tautomer I ? III [40]. H-transfer must then occur before dis-
sociation to NHþ4 þHCCO. We remark that our measured
dissociation energy, i.e. the difference between the AE and the par-
ent’s IEad, is (1.090 ± 0.045) eV (Table 1). This is 58% of the calcu-
lated I ? III transition state energy, 1.89 eV [40]. The calculated
I ? II transition state energy, 1.16 eV [40] is also much greater than
the experimental value (0.74 ± 0.06) eV from Ref. [14]. The ratio of
the experimental to calculated energy value of the I ? II transition
is thus 64%, which is similar to the I ? III transition state energy
ratio. Therefore, if the theory overestimates the I ? III transition
energy, it could still be possible to produce NH4 after
tautomerisation.

From our appearance energy for m/z 18 and
DfH(HCCO) = (�1.838 ± 0.091) eV [44], we obtain Df HðNHþ4 Þ ¼
ð6:463� 0:038ÞeV. This represents a new limiting value for NHþ4
since in the Lias et al. compilation [44] the value given is
Df HðNHnþ4 Þ ¼ 6:528eV, based on the proton affinity (8.85 eV) of
NH3.

We now examine whether, in our experiment, it would have
been possible to detect the acetamide dissociation channel giving
rise to H2O+ + C2H3N. From thermochemical data [37,44] we esti-
mate the thermochemical threshold energy as 13.340 eV for
H2O+ + C2H3N, assuming acetonitrile CH3CN as neutral product.
This value is within the water impurity ion yield spectrum region
and so we are unable to affirm that this acetamide dissociation
channel is active. The hygroscopic nature of acetamide is the most
probable reason for the presence of the water impurity.
4.3.7. m/z 17
The appearance energy of the m/z 17 ion has been measured to

be AE = (10.16 ± 0.03) eV (not shown). This is equal to the ioniza-
tion energy of ammonia [37], so that we attribute the m/z 17 mass
peak to an ammonia impurity in our photon impact study, most
probably resulting from thermal dissociation of acetamide inside
the oven. The neutral reaction CH3C(O)NH2 ? NH3 + CH2CO is
endothermic by about 100 kJ/mol and thus is favoured at higher
temperatures. Also, we do not expect the reaction
CH3C(O)NH2 ? NHþ3 + CH2CO to occur, since its charge switch reac-
tion CH3C(O)NH2 ? NH3 + CH2CO+ is actually observed (m/z 42; cf.
Section 4.3.3). We estimate the appearance energy of NHþ3 formed
by dissociative ionization of acetamide to be 11.654 eV. It would
probably involve an enol ion intermediate, as discussed in
Section 4.3.3.

We note that in the EI-MS, the ketene ion CH2CO+ is more in-
tense than the ammonia ion. In these studies there is little evi-
dence for an ammonia impurity [37,38]. Since
IE(CH2CO) = (9.61 ± 0.02) eV [44] and IE(NH3) = (10.16 ± 0.01) eV,
favouring the ketene ion channel is also in accordance with Steven-
son’s rule for charge switch reactions [54].
4.3.8. m/z 15
The ion yield curve for the m/z 15 ion (Fig. 6) is given in terms of

a normalized ion intensity (and not percentage yield) since water
(IE = 12.62 eV) is present as an impurity due to the hygroscopic nat-
ure of acetamide. We consider two possible assignments for the m/z
15 fragment ion, whose appearance energy is determined to be
AE = (14.60 ± 0.03) eV in our study (Fig. 6): NH+ and CHþ3 . From
our AE, the channel NH+ + CH3CHO would lead to the heat of forma-
tion DfH(NH+) = (13.849 ± 0.042) eV, using DfH(CH3CHO) =
(�1.718 ± 0.04) eV [44]. The literature value DfH (NH+) is much
higher, 17.39 eV [44], which shows that the m/z 15 fragment ion
is most probably not NH+.

We consider now the alternative channel CHþ3 + H2NCO, where
our AE provides a value Df HðCHþ3 Þ ¼ ð11:91� 0:17Þ eV, using
DfH(H2NCO) = (0.22 ± 0.13) eV [55]. The literature value
Df HðCHþ3 Þ ¼ 11:342 eV [56], relatively close to ours in this case, im-
plies however, that there is a high energy barrier (568 ± 170 meV)
in this reaction which is somewhat unexpected since the reaction
presumably involves a simple N–C bond rupture. It should be men-
tioned that the value of DfH(H2NCO) is possibly uncertain [55]
since there are eleven isomers of this neutral species [57].
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The CHþ3 þ H2NCO dissociation channel can be considered as the
charge switch reaction with respect to formation of m/z 44. Since in
the EI mass spectra, and in the photon impact mass spectra at
Eexc P 18 eV, the intensity ratio of ions m/z 44 to 15 is �3.6, Ste-
venson’s rule [54] would lead us to expect IE(H2NCO) to be smaller
than IE(CH3) = 9.84 ± 0.01 eV [48]. From the values DfH(H2NCO) =
0.22 ± 0.13 eV [55] and DfH(H2NCO+) = 6.90 ± 0.04 eV, the resulting
IE(H2NCO) = 6.78 ± 0.17 eV, is in agreement with the prediction
from Stevenson’s rule.

4.3.9. m/z 14
A very weak peak at m/z 14 is observed at Eexc = 17 eV, in very

low intensity, but increasing towards higher energies to reach
about 5% of the intensity of the parent ion at Eexc = 21 eV and
�15% at Eexc = 24 eV. It cannot be N+ resulting from dissociation
of an N2 impurity since the appearance energy of N+ in the disso-
ciative ionization of N2 is 24.3 eV [37]. A possible assignment is
to the CHþ2 ion: Assuming that the dissociative reaction leads to
the formation of CHþ2 þH2NCHO (formamide), the fragment ion
appearance energy calculated on the basis of thermochemical data
[39,44] is 14.90 eV, consistent with our observations.

4.4. General features of the ionization yield curves of acetamide

Fig. 7 presents the dissociative ionization breakdown diagram
for photon excitation energies between 10.5 and 11.8 eV. The par-
ent ion yield curve decreases uniformly from the onset of dissocia-
tive ionization at 10.71 eV (CO loss, Table 1) up to 11.8 eV. This
uniform decrease is consistent which the fact that there are no
sharp changes of gradient in the fragment ion yield curves in this
energy range, and that there are no new electronic states of the
parent ion between the 12A00 state at � 10.1 eV and the 22A00 state
which lies at � 13 eV [24,29].

In discussing the dissociative ionization results, 4 tautomers of
the m/z 59 C2H5NO+ ion have been considered. Our experimental
results, as discussed above, and the work of Drewello et al. [41]
and Mourges et al. [40] indicate that the principal dissociation pos-
sibilities involving these tautomers are:

CH3CONHþ2 ðI ketoÞ : m=z 44 ðCH3 lossÞ; m=z 43 ðNH2 lossÞ;
m=z 15 ðH2NCO lossÞ

CH2COðHÞNHþ2 ðII enolÞ : m=z 43 ðNH2 lossÞ; m=z 42 ðNH3 lossÞ

CH2CONHþ3 ðIIIÞ : m=z 42 ðNH3lossÞ; m=z 31 ðCO lossÞ; m=z 18 ðHCCO lossÞ

CH3COðHÞNHþðIVÞ : m=z 42 ðOH lossÞðsee section4:3:3Þ:

Mourges et al. [40] have published a potential energy diagram
for unimolecular reactions of C2H5NO+ isomers, based on calcula-
tions performed at the G2(MP2) level. In this work, as mentioned
previously, isomer II is calculated to be 820 meV below I, and III
190 meV below I, whereas IV is 473 meV above I. We note that
the NH2 and NH3 loss channels via II have AE’s at about 11.2 eV,
whereas CO loss via the higher lying isomer III has an AE = 10.71 eV
(lowest dissociation onset). However, the calculated energy barri-
ers [40,41] in the various dissociation processes are consistent with
these experimental results.

The m/z 31 and m/z 18 ion yield curves appear to rise at a similar
rate, which is consistent with them both being formed via struc-
ture III. However, at 11.8 eV they appear to be close to reaching a
plateau, of the order of 7.5% of total yield, for m/z 31, and 4%, for
m/z 18. This is consistent with our observations at higher excita-
tion energies and also with the 70 eV electron impact mass spec-
trum which exhibits relative abundances of � 4% and �1%
respectively for these two ions. The rise of the m/z 44 and m/z 43
yield curves are nearly but not quite parallel, which possibly re-
flects the fact that there are two possible NH2 loss processes,
involving structures I and II respectively, as mentioned in section
4.3.2. Furthermore, and as remarked earlier, we note that the
intensity ratio of the H2NCO+ (m/z 44) to the CH3CO+ (m/z 43) ion
in the 70 eV EI mass spectra, of the order of 1.4 [37,38], is similar
to the intensity ratio of these ions in our photon impact mass spec-
tra at excitation energies Eexc P 12 eV. This indicates that the
H2NCO+ + CH3 reaction channel is favoured over a large excitation
energy range.
5. Conclusion

A VUV electron/ion coincidence study of acetamide was carried
out using monochromatised synchrotron radiation over the photon
energy range 8–24 eV. Photoion yield curves were measured for
the parent ion and six fragment ions. The latter involve processes
of neutral loss of the molecules CO and NH3 and of the CH3, NH2,
HCCO radicals, as well as H2NCO. The adiabatic ionization energy
of acetamide was determined as I.E. (12A0) = (9.71 ± 0.02) eV, in
good agreement with a recent PIMS measurement. This r ground
state of the ion is shown to lie about 400 meV below the first ex-
cited p state, 12A00, whose adiabatic energy is thus �10.1 eV. Cou-
pling between the 12A0 and 12A00 states is invoked in discussions
of the possible existence of isolated electronic states in the ion,
and of the mechanisms of dissociative ionization.

The fragment ions were identified and the pathways of their
formation were proposed on the basis of their appearance energies,
aided by thermochemical data and the published results of elec-
tron and photon impact mass spectral studies. Heats of formation
are derived for all ions detected and are compared with literature
values where they exist; the values determined are often new or
revised with respect to previous publications.

Finally, we remark that H Ly-a emission (10.21 eV), which is
important in the VUV in both the solar system and in the interstel-
lar medium (ISM), is 500 meV above the ionization energy of acet-
amide. We can estimate that at the HI limit, 13.6 eV in the ISM, the
total ionization yield of acetamide will be of the order of 56%, using
a rule of thumb that is valid for many molecules [58]. The acetam-
ide parent ion is stable up to 10.71 eV (CO-loss channel) i.e. well
above the Ly-a emission but 2.89 eV below the HI limit at
13.6 eV; the total ionization yield is estimated to be of the order
of 15% at 10.71 eV. Generally, the quantum yields of fragment cat-
ion formation from acetamide by VUV radiation are weak below
13.6 eV (cf. for example Fig. 7), so that in interstellar HI regions
the parent ion would predominate.

These results should be integrated into models concerning the
presence and possible survival of this prebiotic molecule in space.
They particularly concern the possibility of observation of acetam-
ide in the ISM and in comets, where this species would be subject
to UV and VUV irradiation. However, we note that absorption and
ionization cross sections are still needed for this molecule to com-
pute survival rates in given radiation fields. Also, experimental
data on neutral dissociation would be useful for astrophysical
applications.
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